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My prior work has shown that an electron beam position and angle monitoring system was 
able to measure the electron source position and angle at a single location in a beamline at a 
synchrotron source. This system, a phase space  ̶  Beam Position Monitor (ps-BPM),  relies on a 
monochromator to prepare a photon beam whose energy is at that of K-edge of an absorber filter. 
The natural divergence of the photon beam from the source gives an energy range that will 
encompass the K-edge of the filter. A measurement of the center of the monochromatic beam and 
the K-edge location through the absorber filter gives the position and angle of the electron source 
with sensitivity comparable to any beam position measurement system.  
Further, this thesis shows that this system is capable of measuring the source size and 
divergence at the same time by measuring the photon beam spatial distribution and the K-edge 
filtered beam distribution also with a sensitivity comparable to other existing methods for the 
source size; no other single measurement method is capable of divergence measurements. This 
was validated by measurements and simulations as the beam size in the storage ring was changed. 
The position measurements can be done in near real time and the size measurements can be done 
near 1 Hz.  
The system was extensively modeled for its application at the CLS as well as possible 
implementations at other higher brightness sources such as the Advanced Photon Source Upgrade 
(APS-U). The modeled performance of the ps-BPM system was compared against other methods 
for measuring the electron source properties for high brightness sources. These methods included 
pinhole imaging and double-slit interferometry. 





First and most of all, I would like to express my deepest gratitude to my supervisor, Prof. 
Dean Chapman for his continuous support during my studies and the writing this thesis. He 
inspired me with his knowledge, passion and smile and gave me freedom in my research. He made 
me fall in love with physics, and nature.   He not only guided me throughout my research, but also 
he taught me a better way to see the world and try to be a better person. I could not wish for a 
better and friendlier supervisor. Also, I want to thank Dean, Liz and their family for filling the 
absence of my own family here in Canada.  
I would like to extent my deepest gratitude to Dr. Xianbo Shi for his invaluable knowledge, 
help and friendship working with him and learning from him was one of the greatest opportunities 
that I had. 
I also would like to thank Dr. Les Dallin who never wavered in his support and was 
instrumental in my understanding of accelerator physics. 
Special thanks to my advisory committee, Dr. Les Dallin, Dr. David Cooper, Dr. Rainer 
Dick and Dr. John Tse for their great ideas, knowledge and input into this work. It was a great 
pleasure to have them as my advisors and be able to use their guidance throughout my program. 
Many thanks to Dr. George Belev for his valuable and unstoppable help and advice. I also 
like to thank Denise Miller and Adam Webb of the BMIT staff at the Canadian Light Source for 
their great guidance and help during my experiments and research.  




Thanks go to my colleagues and friends in the x-ray imaging group. I would like to 
acknowledge the assistance of the accelerator division at the Canadian Light Source, specially 
Ward Wurtz and Bud Fogal.  
I would like to extend my sincere thanks to the Advanced Photon Source accelerator 
division (Louis Emery and Vadim Sajaev) and optics group (Lahsen Assoufid and Al Macrander) 
for making my experiments at the Advanced Photon Source possible. 
I also wish to acknowledge the financial support of Natural Sciences and Engineering 
Research Council of Canada (NSERC) Discovery Grant, Saskatchewan Innovation and 
Opportunities Scholarships, the government of Saskatchewan, the University of Saskatchewan, 
Department of Physics and Engineering physics at University of Saskatchewan, and Canada 
Research Chair Program.  Research described in this thesis was performed at the Canadian Light 
Source, which is funded by the Canada Foundation for Innovation, NSERC, the National Research 
Council Canada, CIHR, the Government of Saskatchewan, Western Economic Diversification 
Canada, and the University of Saskatchewan.  
I cannot begin to express my thanks to Arash for always being there and supporting me in 
every stage of my studies. 
I finish with my amazing family, my parents and my sisters, for their unconditional support 





To my beloved mom, dad and sisters 
Ladan, Ahmad, Negin, Nasim and Naghmeh 
And 
To the bright memory of my loving grandparents 
Azar joon and Baba jooni  
vi 
 
TABLE OF CONTENTS 
PERMISSION TO USE ................................................................................................................. i 
ABSTRACT ................................................................................................................................... ii 
ACKNOWLEDGEMENTS ........................................................................................................ iii 
TABLE OF CONTENTS ............................................................................................................ vi 
LIST OF TABLES ....................................................................................................................... xi 
LIST OF FIGURES ................................................................................................................... xiii 
ABBREVIATION ...................................................................................................................... xxi 
CHAPTER 1 ...................................................................................................................................1 
INTRODUCTION..........................................................................................................................1 
1.1 Introduction ........................................................................................................................................................... 1 
1.2 Emittance ............................................................................................................................................................... 1 
1.1.1 Photon source emittance .................................................................................................................................. 1 
1.1.2 Electron beam emittance .................................................................................................................................. 3 
1.3 Different ways to measure the source size ........................................................................................................... 4 
1.4 Thesis scope and overview .................................................................................................................................... 6 
1.5 Objectives ............................................................................................................................................................... 8 
1.6 Refrences ................................................................................................................................................................ 8 
CHAPTER 2 .................................................................................................................................12 
BACKGROUND ..........................................................................................................................12 
2.1 Synchrotron radiation ......................................................................................................................................... 12 
2.2 X-Ray diffraction by single crystals ................................................................................................................... 18 
2.2.1 Bragg’s law of diffraction .............................................................................................................................. 18 
2.2.2 Perfect crystal diffraction ............................................................................................................................... 19 
2.2.3 Energy dispersion due to diffraction .............................................................................................................. 21 
2.2.4 Crystal diffraction geometries ........................................................................................................................ 22 
vii 
 
2.3 Absorption K-edge of an elements ..................................................................................................................... 22 
2.4 References ............................................................................................................................................................ 25 
CHAPTER 3 .................................................................................................................................27 
A REAL TIME PHASE-SPACE BEAM EMITTANCE MONITORING 
SYSTEM .......................................................................................................................................27 
3.1 Abstract ................................................................................................................................................................ 27 
3.2 Introduction ......................................................................................................................................................... 28 
3.3 ps-BPM system ..................................................................................................................................................... 29 
3.3.1 Contributions to the unfiltered beam width ................................................................................................... 31 
3.3.2 Contributions to the measured K-edge width of the filtered beam ................................................................ 32 
3.3.2.1 Natural angular width of the K-edge and the monochromator ............................................................... 33 
3.3.2.2 Electron source size effects .................................................................................................................... 34 
3.4 Measurements and Results ................................................................................................................................. 35 
3.4.1 Experimental Setup ........................................................................................................................................ 35 
3.4.2 Data Analysis ................................................................................................................................................. 36 
3.4.3 Results ............................................................................................................................................................ 37 
3.4.4 Simulation to study ps-BPM sensitivity ......................................................................................................... 40 
3.4 Discussion and Conclusions ................................................................................................................................ 42 
3.5 Acknowledgement ................................................................................................................................................ 43 
3.6 References ............................................................................................................................................................ 45 
CHAPTER 4 .................................................................................................................................48 
APPLICATION OF A PHASE SPACE BEAM POSITION AND SIZE 
MONITOR FOR SYNCHROTRON RADIATION SOURCE 
CHARACTERIZATION ............................................................................................................48 
4.1 Abstract ................................................................................................................................................................ 48 
4.2 Introduction ......................................................................................................................................................... 49 
4.3 ps-bpm system ...................................................................................................................................................... 50 
4.3.1 System overview ............................................................................................................................................ 50 
4.3.2 Source position and angle measurements ...................................................................................................... 51 
4.3.2.1 Filtered K-edge side ............................................................................................................................... 53 
4.3.2.2 Unfiltered side ........................................................................................................................................ 53 
4.3.3 Source size and divergence measurements .................................................................................................... 53 
4.3.3.1 Filtered K-edge side ............................................................................................................................... 54 
4.3.3.2 Unfiltered side ........................................................................................................................................ 54 
4.4 Results ................................................................................................................................................................... 55 
4.4.1 Normal operations .......................................................................................................................................... 55 
viii 
 
4.4.2 Beam vibration analysis ................................................................................................................................. 59 
4.4.3 Effects due to changes in a wiggler field ....................................................................................................... 61 
4.5 Conlusion .............................................................................................................................................................. 62 
4.6 ACKNOWLEDGEMENTS ................................................................................................................................ 63 
4.7 References ............................................................................................................................................................ 63 
CHAPTER 5 .................................................................................................................................66 
OPTIMIZATION OF A PHASE-SPACE BEAM POSITION AND SIZE 
MONITOR FOR LOW-EMITTANCE LIGHT SOURCES ...................................................66 
5.1 Abstract ................................................................................................................................................................ 66 
5.2 Introduction ......................................................................................................................................................... 67 
5.2.1 ps-BPM system .............................................................................................................................................. 69 
5.2.2 Simulation tools and method.......................................................................................................................... 71 
5.3 Optimization process ........................................................................................................................................... 74 
5.3.1 Monochromator ............................................................................................................................................. 75 
5.3.1.1 Crystal material and geometry ............................................................................................................... 75 
5.3.1.2 Crystal lattice planes .............................................................................................................................. 77 
5.3.2 K-edge filter ................................................................................................................................................... 78 
5.3.2.1 K-edge choice ........................................................................................................................................ 79 
5.3.2.2 Filter concentration ................................................................................................................................ 82 
5.3.3 Geometry ....................................................................................................................................................... 84 
5.3.4 Detector .......................................................................................................................................................... 85 
5.4 Example of a ps-BPM system for APS-U ........................................................................................................... 86 
5.5 Conlusion .............................................................................................................................................................. 89 
5.6 ACKNOWLEDGEMENTS ................................................................................................................................ 90 
5.7 References ............................................................................................................................................................ 90 
CHAPTER 6 .................................................................................................................................93 
SOURCE SIZE MEASUREMENT OPTIONS FOR LOW-EMITTANCE 
LIGHT SOURCES.......................................................................................................................93 
6.1 Abstract ................................................................................................................................................................ 93 
6.2 Introduction ......................................................................................................................................................... 94 
6.3 Pinhole Imaging ................................................................................................................................................... 94 
6.3.1 System description ......................................................................................................................................... 95 
6.3.2 Design optimization ....................................................................................................................................... 96 
6.4 DOUBLE-SLIT INTERFEROMETRY........................................................................................................... 101 
ix 
 
6.4.1 System description ....................................................................................................................................... 101 
6.4.2 Design optimization ..................................................................................................................................... 104 
6.4.3 𝛑-polarization with diffraction obstacle ....................................................................................................... 108 
6.5 ps-BPM system ............................................................................................................................................... 109 
6.5.1 System description ....................................................................................................................................... 109 
6.5.2 Design optimization ..................................................................................................................................... 110 
6.6 Conclusion .......................................................................................................................................................... 118 
6.7 acknowledgEmentS ........................................................................................................................................... 120 
6.8 References .......................................................................................................................................................... 120 
CHAPTER 7 ...............................................................................................................................123 
CONCLUSION AND FUTURE WORK .................................................................................123 
7.1 Conclusion .......................................................................................................................................................... 123 
7.2 Future work........................................................................................................................................................ 124 
APPENDIX A .............................................................................................................................127 
A PHASE SPACE BEAM POSITION MONITOR FOR SYNCHROTRON 
RADIATION ..............................................................................................................................127 
A.1 Abstract ............................................................................................................................................................. 128 
A.2 Introduction....................................................................................................................................................... 129 
A.2.1 Synchrotron Radiation ................................................................................................................................ 131 
A.2.2 Double Crystal Monochromator at an Absorption Edge ............................................................................. 132 
A.3 What happens when the beam moves? ........................................................................................................... 135 
A.3.1 Unfiltered side of the beam ......................................................................................................................... 135 
A.3.2 K-edge filtered side of the beam ................................................................................................................. 136 
A.4 Determining the electron source vertical position and angle ........................................................................ 137 
A.5 Implementation at BMIT ................................................................................................................................. 139 
A.6 Data Analysis Method ...................................................................................................................................... 140 
A.7 Results and Discussion...................................................................................................................................... 142 
A.7.1 System Response to Electron Beam Motions.............................................................................................. 142 
A.7.1.1 Electron Beam Vertical Position Measurements ................................................................................. 143 
A.7.1.2 Electron Beam Vertical Angle Measurements .................................................................................... 148 
A.7.2 Normal Operations Measurements .............................................................................................................. 151 
A.8 Practical implementation of a ps-BPM ........................................................................................................... 153 
A.9 Conclusions ........................................................................................................................................................ 153 
x 
 
A.10 Acknowledgement ........................................................................................................................................... 154 
A.11 References ........................................................................................................................................................ 155 
APPENDIX B .............................................................................................................................158 
A VERTICAL PHASE SPACE BEAM POSITION AND EMITTANCE 
MONITOR FOR SYNCHROTRON RADIATION ...............................................................158 
B.1 Abstract .............................................................................................................................................................. 158 
B.2 Introduction ....................................................................................................................................................... 159 
B.2.1 Synchrotron ................................................................................................................................................. 160 
B.2.2 Diffraction, Dispersion and Absorption Edge ............................................................................................. 161 
B.3 The System ......................................................................................................................................................... 162 
B.4 Results and Discussion ...................................................................................................................................... 164 
B.5 Conclusions ........................................................................................................................................................ 168 
B.6 Acknowledgement ............................................................................................................................................. 169 
B.7 References .......................................................................................................................................................... 170 
xi 
 
LIST OF TABLES 
Table 3- 1 Measured electron source size (𝜎𝑦𝑋𝑆𝑅) by a pinhole at the XSR beamline made as the 
vertical source size was changed using skew quadruples. Included are measurements 
by the ps-BPM system at BMIT beamline of the electron source size (𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒), 
average source position (?̅?𝑒𝑆𝑜𝑢𝑟𝑐𝑒), divergence (𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒′ ), average angular position 
(𝑦′̅𝑒𝑆𝑜𝑢𝑟𝑐𝑒), and the average beam position (?̅?𝑒𝑆𝑜𝑢𝑟𝑐𝑒+D𝑦′̅𝑒𝑆𝑜𝑢𝑟𝑐𝑒). .......................... 39 
 
Table 5- 1 Barium K-edge width, 𝜎𝐸𝐾−𝑒𝑑𝑔𝑒 , and the equivalent angular width, 𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′ , 
calculated using Equation (5. 11) ............................................................................... 78 
Table 5- 2 The angular width of the monochromator, 𝜎𝑦𝑚𝑜𝑛𝑜′ , the projected filter K-edge width, 
𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′ , and their total contribution, 𝜎𝑦𝑡𝑜𝑡𝑎𝑙
′ , calculated using Equation (5. 12). ..... 81 
 
Table 6-  1 Optimized pinhole sizes, 𝑎, to achieve minimum 𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒/(𝑀𝜎𝑦) and simulated 
image sizes, Σ, from the three methods for different source sizes, 𝜎𝑦. .................... 101 
 
Table A- 1 Selected measured electron vertical beam position, y, and angle, y’, as a function of 
vertical electron beam motion defined by equal eBPM 17 and 18 values. .............. 147 
Table A- 2 Measured and calculated detector response to vertical electron beam position and 
angle.  Vertical electron beam positions where eBPM17 and 18 are equal are shown 
in the upper two rows (upper row – measured and lower row – calculated).  Vertical 
beam angle where eBPM17 is equal to, but opposite sign to eBPM18 is shown in the 
bottom two rows.  At the measurement location there is a mixture of position and 
angle for both types of electron beam motion.......................................................... 148 
Table A- 3 Selected measured electron vertical beam position, y, and angle, y’, as a function of 
electron beam angle defined by equal and opposite sign eBPM 17 and 18 values; the 
remainder of the table is for Dy’ and y+Dy’ as defined in Table A- 1 and in the text.




Table B- 1 Measured and predicted values (in parentheses) of beam motion for corrector currents 






LIST OF FIGURES 
Figure 1- 1 Phase space ellipse of a Gaussian shape particle distribution. The density of particles 
is represented by the gray scale, black indicates increased particle density. y 
represents the particle location and y′ represents the particle angle. The red ellipse 
shows the Gaussian width of the distribution (e-1/2 points relative to the maximum).  
The area is π times ¼ the product of the major and minor axes of the ellipse shown in 
red. This area is conserved as the system evolves in time. .......................................... 3 
 
Figure 2- 1 Schematic of a synchrotron storage ring with an example bend magnet and insertion 
device beamline. ......................................................................................................... 13 
Figure 2- 2 Universal spectrum from a synchrotron bend magnet source. The plot represents the 
on axis (ψ=X=0) value of Equation (2. 3). The horizontal axis, y, is the photon 
energy normalized by the bend magnet critical energy. Plot was made using IDL. .. 15 
Figure 2- 3 Vertical beam profiles shown in purple calculated using Equation (2. 3) for values of 
y= 0.5 (Figure b), 1 (c), 2 (d), 3 (e), 4 (f) and 5 (g) over a ±5 γψ range. Gaussian fits 
to those profiles are shown in red dashed lines. The percent standard errors of those 
fits are shown in Figure a.  (calculations and fits done in IDL). ................................ 17 
Figure 2- 4 Diffraction profiles of a Bragg Si (111) crystal at different energies calculated using 
the XCRYSTAL module in XOP............................................................................... 20 
Figure 2- 5 DuMond diagram for the Si(1,1,1) reflection over the entire diffraction angle range 
(figure a) and Figure b shows an expanded view of the reflection at the Ba K-edge 
(37.441 keV) over an angular range that matches the vertical divergence f a bend 
magnet at the Canadian Light Source. Relevant parameters are given in Figure b. 
(calculations and plots are done using IDL) .............................................................. 21 
Figure 2- 6 Schematic of single crystal diffraction in the Bragg or reflection geometry (a) and the 
Laue or transmission geometry (b). ........................................................................... 22 
Figure 2- 7 K-edge energy (a) and K-edge width (b) for different elements as a function of their 




Figure 3- 1 Schematic of the ps-BPM system. (a) Side view of the source and monochromator 
(single Laue). Horizontally separated (b) unfiltered beam side and (c) filtered edge 
side of the photon beam on the same detector. Example intensity profiles on the right 
side of the figure in (b) shows the unfiltered photon distribution, and in (c) shows the 
intensity change in the vertical plane after the filter with the K-edge energy in the 
middle of the beam. .................................................................................................... 30 
Figure 3- 2 Simulated vertical beam profile on the detector at 26 m from the source as a function 
of photon energy (a) without and (b) with the monochromator. The FWHM size of 
the two profiles shows that the presence of the monochromator has no effect on the 
detected beam size ..................................................................................................... 32 
Figure 3- 3 Simulated vertical beam profile as a function of photon energy after (a) a filter with 
sharp absorption edge at 37.441 keV and (b) a barium filter with a 13.2 eV K-edge 
width. The edge size in (a) shows the effect of the monochromator broadening, and 
in (b) shows the broadening effect of both the monochromator and the filter K-edge.
 .................................................................................................................................... 34 
Figure 3- 4 Simulated vertical beam profile as a function of photon energy to show the effect of 
the electron source size on the filtered edge side of the beam. (a) A electron source 
with zero emittance and (b) a Gaussian electron source with 510 µm vertical size .. 35 
Figure 3- 5 RMS error of the extracted electron source size as a function of sampling frequency
 .................................................................................................................................... 37 
Figure 3- 6 Measured (a) electron source size and (b) electron source divergence using the ps-
BPM system at the BMIT beamline. The horizontal axis is the size measured using a 
pinhole setup at the XSR diagnostic beamline........................................................... 38 
Figure 3- 7 Simulation studies of the sensitivity of the ps-BPM system. Extracted electron source 
size (open markers) and divergence (closed markers) from different input values of 
(a) the electron source size and (b) the divergence .................................................... 41 
 
Figure 4- 1 Schematic of the ps-BPM system containing (a) the crystal monochromator, the K-
edge filter, and the detector. A single crystal Bragg geometry is shown. Figures (b) 
and (c) show the unfiltered beam size and the filtered edge side of the beam, 
respectively. ............................................................................................................... 51 
xv 
 
Figure 4- 2 Beam and edge analysis. (a) Beam profile along with Gaussian fit parameters. (b) 
Edge profile which is then normalized by (a). The negative logarithm of this 
normalized profile is shown in (c). The spatial derivative of the profile in (c) results 
in a peak shown in (d) along with its Gaussian fit parameters .................................. 52 
Figure 4- 3 (a) Beam motions including 𝑦 (left), 𝐷𝑦′ (middle), and 𝑦 + 𝐷𝑦′ (right) as a function 
of time. (b) PSD functions of the three curves in (a). (c) Time evolution of 𝜎𝑦 (left), 
𝐷𝜎𝑦′   (middle), and 𝜎𝑏𝑒𝑎𝑚 (right). The light colored and dark colored curves are for 
sampling time of 0.03 s and 0.9 s, respectively.  (d) PSD functions of the light 
colored curves in (c). .................................................................................................. 56 
Figure 4- 4 Simulated beam position response as a function of rotation angle of (a) the first 
crystal, (b) the second crystal, (c) both crystals of the DCM, and (d) the SCM crystal. 
The markers represent the extracted source position 𝑦 (triangles), projected source 
angle 𝐷𝑦′ (squares), and the total beam position 𝑦 + 𝐷𝑦′. The curves provide a visual 
aid. .............................................................................................................................. 58 
Figure 4- 5 PSD functions of the beam angle 𝑦′ measured with (a) a Si (220) Laue single-crystal 
monochromator and (b) a Si (220) Bragg double-crystal monochromator at the 
barium K-edge............................................................................................................ 60 
Figure 4- 6 Extracted (a) 𝑦, (b) 𝑦′, (c) 𝜎𝑦, and (d) 𝜎𝑦
′  at the BMIT bending magnet as a function 
of the magnetic field of the BMIT wiggler. The error bars are the standard deviation 
of 8 measurements of 3 s data .................................................................................... 61 
 
Figure 5- 1 Schematic of the ps-BPM system including a Bragg (a) or Laue (b) crystal 
monochromator, a K-edge filter in (d), and a detector which records both unfiltered 
beam side (c) and filtered edge side (d) of the beam. ................................................ 69 
Figure 5- 2 The simulated vertical profiles of the filtered beam, 𝐼𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑(𝑦), (solid curve) and the 
unfiltered beam, 𝐼0(𝑦), (dotted curve), and (b) the edge profile, 𝑓𝑒𝑑𝑔𝑒(𝑦), (solid 
curve) obtained from Equation (5. 6). The dashed lines in (a) and (b) are the 
Gaussian fitting of 𝐼0(𝑦) and 𝑓𝑒𝑑𝑔𝑒(𝑦) using Equations (5. 7) and (5. 8), respectively.
 .................................................................................................................................... 72 
xvi 
 
Figure 5- 3 Diffraction profiles of the Si (111) reflection in the Bragg (dashed line) and Laue 
(dotted line) geometry and the Si (440) Bragg reflection (solid line). ....................... 76 
Figure 5- 4 Simulated DuMond diagrams using a zero-emittance BM source that is diffracted by 
(a) a Si (111) and (b) a Si (440) crystal, and filtered by a barium filter with a sharp K-
edge (𝜎𝐸𝐾−𝑒𝑑𝑔𝑒  = 0)..................................................................................................... 77 
Figure 5- 5 Simulated DuMond diagrams using a zero-emittance BM source that is diffracted by 
(a) a Si (111) and (b) a Si (440) crystal, and filtered by a barium filter with a finite K-
edge width (𝜎𝐸𝐾−𝑒𝑑𝑔𝑒  = 5.6 eV). ................................................................................. 79 
Figure 5- 6 Simulated barium K-edge steps (a) and K-edge profiles (b), and the extracted source 
sizes (c) with different projected filter concentration. ............................................... 83 
Figure 5- 7 RMS error of the simulated electron source position (a) and size (b) as a function of 
the source-to-detector distance, 𝐷. ............................................................................. 84 
Figure 5- 8 Extracted electron source size (a) and divergence (b) as a function of detector pixel 
size (bin size of the simulated histograms). ............................................................... 86 
Figure 5- 9 Predicted output electron source position (open triangles) and angular position 
(closed triangles) from different input values of position (a) and angular position (b). 
Predicted output electron source size (circles) and divergence (bullets) from different 
input values of size (c) and divergence (d). ............................................................... 88 
 
Figure 6- 1 Schematic of a pinhole imaging system. Figure a shows a relatively large source size 
and its profile on the detector in red the blue profile is the point spread function of 
the pinhole for point source (shown in both a and b for reference). Figure b shows a 
small source that might be expected from an MBA type lattice. Note that the source 
size effects are comparable to the point spread function. .......................................... 95 
Figure 6- 2 . Normalized diffraction profiles from a 1-D slit with different 𝑎 sizes simulated with 
Equations (6. 9)-(6. 11) for (a) a point source and (b) a Gaussian source with size 𝜎𝑦 
= 4.9 µm (M3 bend magnet for the Advanced Photon Source upgrade source). The 
calculation parameters are: 𝜆 = 0.827 Å (photon energy, E = 15 keV), 𝑝 = 6.6 m, 𝑞 = 
13.4 m. The dashed curves are from the ±𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒 values obtained from Equation (6. 
xvii 
 
8), the solid curves are from the FWHM/2.355 values of the diffraction profiles and 
the dotted curves are from the Gaussian fitted 𝜎 values. ........................................... 98 
Figure 6- 3 Simulated PSF of 1-D slit sizes, 𝑎0, optimized from (dashed curve) analytical 
formula Equation (6. 7), (solid curve) minimum profile width from the solid curve in 
Figure 6- 2a, (dotted curve) minimum Gaussian-fitted width from the dotted curve in 
Figure 6- 2a. ............................................................................................................... 99 
Figure 6- 4 Minimum 𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒/(𝑀𝜎𝑦) for different source sizes 𝜎𝑦 obtained from three methods, 
see text for details. The dot-dash line indicates 𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒/(𝑀𝜎𝑦) = 1 ...................... 100 
Figure 6- 5 Schematic of a double-slit interferometry system. ................................................... 102 
Figure 6- 6 Relative size measurement error as a function of fringe visibility 𝑉 for a 0.01 
visibility uncertainty. The region between the vertical dotted lines is the visibility 
range that gives 𝑑𝜎𝑦/𝜎𝑦<0.05. ................................................................................ 104 
Figure 6- 7 Detectable source size range (gray area) as a function of slit separation 𝑑 for a 0.01 
visibility uncertainty. The solid curve shows the optimized detectable source size 
given by Equation (6. 17) with 𝜆 = 0.827 Å (E = 15 keV) and 𝑝 = 6.6 m. .............. 105 
Figure 6- 8 Simulated double-slit interference profiles using (solid curves) far-field formula 
Equation (6. 12) and (dotted) near-field (Fresnel) calculation with different slit 
widths 𝑎 = (a) 2.5 μm, (b) 5.0 μm, and (c) 10 μm. The other calculation parameters 
are: 𝜆 = 0.827 Å (𝐸 = 15 keV), 𝑝 = 6.6 m, 𝑞 = 13.4 m, 𝜎𝑦 = 4.9 μm and 𝑑 = 25 μm. 
Figure shows the failure of the far-field approximation for large slit width, 𝑎. ...... 106 
Figure 6- 9 Simulated double-slit interference profiles using near-field (Fresnel) calculation with 
different detector resolutions, 𝜎𝑑𝑒𝑡 of a Gaussian PSF of 0 μm (solid curve), 5.0 μm 
(dashed curve), and 10 μm (dotted curve). Other parameters are: 𝜆 = 0.827 Å (𝐸 = 15 
keV), 𝑝 = 6.6 m, 𝑞 = 13.4 m, 𝜎𝑦 = 4.9 μm, 𝑑 = 25 μm. ........................................... 108 
Figure 6- 10 (a) Calculated beam profiles 𝐼𝑏𝑒𝑎𝑚(𝑦) (solid curve) and 𝐼𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑(𝑦) (dotted curve) 
using Equations (6. 21) and (6. 24), respectively, with 𝜎𝑦 = 4.9 µm, 𝜎𝑦
′  = 2.8 µrad, 
𝜎𝑦𝑃ℎ
′ =36.1 µrad, 𝜎𝐷 = 10 µm, and 𝜎𝐼𝑅𝐹 = 85 µm. (b) Extracted edge profiles 𝑓𝑒𝑑𝑔𝑒(𝑦) 
with (dotted curves) and without (solid curves) added noise to the beam profiles in 
(a) following Equation (6. 24) .................................................................................. 113 
xviii 
 
Figure 6- 11 (a) Required SNR to measure different source sizes with 5% precision, and (b) the 
extracted electron source sizes for different input size values, 𝜎𝑦, and detector pixel 
sizes, 𝜎𝐷. ................................................................................................................... 116 
Figure 6- 12 Calculated Compton scatter SNR as a function of source-to-monochromator 
distance with a fixed source-to-detector distance for a single Bragg (solid curves) and 
a single Laue Si (1,1,1) monochromator (dashed curves).  The blue curves are for the 
unfiltered beam and the red curves are for the filtered beam. Calculations are 
performed with storage ring energy, 𝐸𝑟𝑖𝑛𝑔 = 6.0 GeV, storage ring current 𝐼𝑟𝑖𝑛𝑔 = 0.2 
A, and the bend magnet field  𝐵0 = 0.657 T. ........................................................... 117 
 
Figure A- 1 Nearly Gaussian vertical beam profile as measured on the CLS BMIT bend magnet 
beamline. The picture at the top is an image of the beam. The plot at the bottom 
shows the measured beam profile from that image (blue) and a Gaussian fit (red 
dash). The red dotted line identifies the center. The red text gives the least squares 
Gaussian fitting parameters. The vertical scale is in pixel units (100 micron pixel 
size). The calculated beam profile is shown as the black dashed line. .................... 131 
Figure A- 2 Schematic of the system used at BMIT bend magnet beamline. (a) Plan view of the 
double crystal monochromator (DCM), contrast material and detector. (b) Elevation 
view of the non-contrast or beam side; (c) elevation view with contrast material 
whose K-edge is at the vertical middle beam prepared by the DCM.  Example plots at 
the right show the profile for the unfiltered beam (b) and contrast filtered beam (c).
 .................................................................................................................................. 133 
Figure A- 3 DuMond Diagram for Si (2,2,0) at 33.17 keV for 1/γ vertical divergence. The energy 
and angular ranges are shown for both vertical divergence and intrinsic widths. The 
relatively large vertical divergence results in an energy range that easily covers the 
K-edge of iodine....................................................................................................... 134 
Figure A- 4 Calculated flux through a 60 mg cm2 iodine filter from a Si (2, 2, 0) DCM at 33.17 
keV on a CLS bend-magnet beamline. .................................................................... 135 
Figure A- 5 Schematic showing the effects of the electron beam position and angle 
displacements. The first column gives the position and angle, the second column is a 
xix 
 
schematic of the beam where the monochromator has been removed for clarity, the 
third and fourth columns show the beam and edge profile, respectively. The black 
line in each row represents the electron beam position and angle zeros, the purple 
line shows the centroid of the beam, the red dashed line shows the location of the 
same angle to the monochromator crystal or the edge location. (a, c) At y = 0. (a, b) 
At y’ = 0. (b, d) At y > 0. (c, d) At y’ > 0. ................................................................ 137 
Figure A- 6 Example data image. Regions are chosen from both image types for beam and edge 
analysis. The edge region is enhanced in the lower left corner to better show the K-
edge whose location is indicated by the arrow. ....................................................... 140 
Figure A- 7 Summed normalized K-edge image across the sampling width; 100 pixels in this 
case. The horizontal axis is in pixels and the origin is referenced to the vertical 
middle of the detector .............................................................................................. 141 
Figure A- 8 Derivative of the negative logarithm of the profile shown in Figure A- 6. The 
Gaussian fit parameters are shown in the upper right-hand corner. For this analysis 
only y0 or the peak center is used. ............................................................................ 142 
Figure A- 9 Storage ring schematic and calculated electron beam trajectories. (a) Section of the 
storage ring around the 05B1 magnet from which the measurements were made. The 
locations for eBPM17, eBPM18 and 5° source are indicated. The calculated 
trajectory for +100 μm vertical position for eBPM17 and eBPM18 are shown in (b) 
with the electron vertical position in red and angle in blue. (c) Trajectory for a +100 
μm value at eBPM17 and -100 μm at eBPM18 which mostly creates an angle at the 
source location. ........................................................................................................ 143 
Figure A- 10 Measurements of the beam vertical position, y, the effect of vertical angle, Dy’, and 
combined motion as a function of time for eBPM17/18 values of 0 (a), +100 (b) and -
100 (c). The vertical motions have been translated into millimeters using the 100 μm 
pixel size. The vertical zero is the vertical detector center. ..................................... 145 
Figure A- 11 Electron vertical beam position in micrometers measured as the eBPM17 and 18 
are changed from -50 to +50 μm. ............................................................................. 146 
Figure A- 12 Electron beam vertical angle in microradians measured as the eBPM17 and 18 are 
changed from -50 to +50 μm. The measured angle in microradians is shown on the 
xx 
 
left axis and the vertical displacement that angle creates at the detector position, Dy’, 
is shown on the right. ............................................................................................... 147 
Figure A- 13 Electron vertical beam position in micrometers measured as the eBPM17 and -18 
are changed from -20 to +20 μm. ............................................................................. 149 
Figure A- 14 Electron beam vertical angle in microradians measured as the eBPM17 and -18 are 
changed from -20 to +20 μm. The measured angle in microradians is shown on the 
left axis and the vertical displacement that angle creates at the detector position, Dy’, 
is shown on the right. ............................................................................................... 150 
Figure A- 15 Beam phase-space measurements over a 12 s interval during normal operations for 
three dates: December 2013, March 2014 and August 2014. The top line is the zero 
referenced electron beam position, y, the bottom line is the vertical displacement due 
to angle, Dy’, and the middle line is the sum of the two, y + Dy’. Note the 
improvement in beam stability over the nine-month period. The standard deviation 
values are shown above each period. ....................................................................... 152 
 
Figure B- 1 Beam and edge data (a) plus schematic representation of the data analysis steps 
(b,c,d). ...................................................................................................................... 161 
Figure B- 2 Schematic layout of the ps-BPM system for a single crystal Laue monochromator162 
Figure B- 3 Schematic layout of a cell (one of 12) in the CLS storage ring. CX and CY are orbit 
correctors, QA, QB, QC are quadrupole magnets, BPMs are electron beam position 
monitors, SOA, SB are sextupole magnets and Bs are dipole magnets. The dashed 
lines show the extent of a cell. ................................................................................. 163 
Figure B- 4 ps-BPM measurements as the orbit corrector current is increased (0, 0.12, 0.24, 
0.6A) for 5Hz (Figure a) and 10Hz (Figure b). The dashed black lines indicate the 
expected peak to peak amplitude of the electron beam motion. .............................. 167 
Figure B- 5 Measured widths of the beam (Figure b) and the K-edge (Figure a) as skew quads are 
used to increase the vertical beam size.  The horizontal axis is the vertical size as 






APS  Advanced Photon Source 
APS-U  Advanced Photon Source Upgrade 
BM  Bend Magnet 
BMIT  Biomedical Imaging and Therapy 
CCD  Charge Coupled Device  
CIHR  Canadian Institutes of Health Research  
CLS  Canadian Light Source 
CRL  Compound Refractive Lens 
DCM  Double Crystal Monochromator 
eBPM  electron Beam Position Monitor 
FBSF  Filament Beam Spread Function 
FWHM Full Width at Half Maximum 
FZP  Fresnel Zone Plates 
IDL  Interactive Data Language 
IRF  Instrument Resolution Function 
KB  Kirkpatrick-Baez 
KEK  Kō Enerugī Kasokuki (The High Energy Accelerator Research Organization in 
Japan)  
KES  K-Edge Subtraction 
M.Sc.   Master of Science 
MBA  Multi Bend Achromat 
xxii 
 
NSERC National Sciences and Engineering Research Council of Canada 
OASYS ORange SYnchrotron Suite 
OSR  Optical Synchrotron Radiation 
PBPM  Photon Beam-Position Monitor 
POE  Primary Optical Enclosure 
ps-BPM phase space – Beam Position Monitor 
PSD  Power Spectral Density 
PSF  Point Spread Function 
RMS  Root Mean Square 
SCM  Single Crystal Monochromator 
sCMOS scientific Complementary Metal–Oxide–Semiconductor 
ShadowOui Shadow3 Oasys User Interface 
SNR  Signal-to-Noise Ratio 
SRW  Synchrotron Radiation Workshop 
UV  Ultraviolet 
Vis  Visible 
XOP  X-ray Oriented Programs 








Sources of light have been used since the beginning of man to investigate and understand 
nature. Light sources have evolved dramatically and have become very tailored to their application. 
For research purposes a source that puts light into a specific direction with small divergence and 
with small source size will be able to put more photons onto a sample or provide extremely high 
spatial resolution at a given wavelenght.   
In this thesis a new approach is presented to measure light source properties, specifically 
from a synchrotron source. These properties are source size, source divergence along with the 
source position and angle. Previous work by the author captured in an M.Sc. thesis and paper 
described a method to measure the electron beam position and angle [1]. This thesis and papers 
describe an extension of that method to measure the size and divergence of the source. 
1.2 EMITTANCE 
1.1.1 Photon source emittance 
The property of divergence and size of the source is captured by the emittance [2]. Based 
on Liouville’s Theorem the phase space of the source (product of the source rays’ position and 
their momentum or trajectories) cannot be altered by an optical system that conserves the energy 
of the light [3, 4]. For example, an optical system that focuses the light from a source to a small 
spatial region will generate a large range of angles or trajectories at the focus. Conversely, an 
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optical system creating a beam of light that is very parallel will result in a beam with relatively 
large spatial area. For a light source observed along a direction the longitudinal component of the 
momentum can be ignored and it is the transverse component (horizontal and vertical) that is of 
interest. This transverse component can be reduced to a measurement of the angles of the rays in 
the two transverse dimensions. Therefore, the emittance is defined by the product of the two 
transverse dimensions and divergences. At any point along the propagation of light in free space 
or through an optical system such as lenses or mirrors, the emittance will remain constant if no 
photons are lost or gained, or the energy of the photons remains changed.  
From a classical viewpoint, light is generated by acceleration of charged particles. 
Electrons, being the least massive charged particles available, are pervasively responsible for 
almost all light. Sources of light involving acceleration of electrons are everywhere such as the 
sun, stars, lightning and fire. For research purposes sources that have small emittance are extremely 
useful as the light generated can be effectively manipulated to investigate samples. One of the most 
universally useful sources of light is that coming from a synchrotron source. It is the transverse 
(perpendicular to the direction of motion) acceleration of highly relativistic electrons that generates 
light that is also collimated by relativistic effects (small divergence). The size of the source is set 
by the size of the electron beam as it is being transversely accelerated. The angular divergence of 
the electron bunches also contributes to the divergence of the photon beam. As with light, the 
electrons themselves occupy a phase space as they longitudinally circulate through the magnetic 
structures that transversely bend and contain the electron beam. Thus, the photon emittance in a 
synchrotron is intimately coupled to the electron beam emittance. 
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1.1.2 Electron beam emittance 
The electron beam emittance can be described as the area/π of the phase space ellipse of 
particles in each transverse direction (if the motion is uncoupled) [2, 5]. Figure 1- 1 shows the 
particle density in gray scale (white is nothing; black is maximum particle density). The red ellipse 
in Figure 1- 1 identifies the one Gaussian widths points of the distribution (one σ).  This ellipse 
(for a single particle) can be defined by four parameters ε, γ, β and α as shown by [5] 
where ε is the emittance, y and y′ are the position and angle of the particle and γ, β and α are the 
Twiss parameters. These parameters are not independent and are related by 
𝜀 =  𝛾𝑦2 + 2𝛼𝑦𝑦′ + 𝛽𝑦′
2
, (1. 1) 
Figure 1- 1 Phase space ellipse of a Gaussian shape particle distribution. The 
density of particles is represented by the gray scale, black indicates 
increased particle density. y represents the particle location and y′ represents 
the particle angle. The red ellipse shows the Gaussian width of the 
distribution (e-1/2 points relative to the maximum).  The area is π times ¼ the 
product of the major and minor axes of the ellipse shown in red. This area is 
conserved as the system evolves in time. 
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The emittance in each of the transverse directions to the line between the source and observer has 
dimension of length×angle.  
Since the physical dimensions of the beam (size and divergence) are varying by the location in the 
storage ring, emittance is widely used to describe the beam dimension as it doesn’t change around 
the ring and its relationship to the source size and divergence is shown by, 
where 𝜎𝑦 and 𝜎𝑦
′  are source size and divergence.  
The ability to measure the emittance of a synchrotron source is becoming increasingly 
important as there are world-wide efforts to make these sources brighter by reducing the emittance. 
One of the ways to reduce the emittance in a synchrotron storage ring is by implementing a multi-
bend achromat (MBA) [6] lattice structure creating what is commonly called 4th generation 
synchrotron sources. The goal is to reduce the emittance to be as small as possible while preserving 
the stability of the beam to achieve high brightness. 
A common way to indirectly measure the synchrotron source emittance is by measuring 
the source size at that location along with knowledge of the Twiss parameters for that location [7]. 
While there are projects under way at facilities to implement MBA lattices [8-10], there is 
a significant effort by diagnostic groups for measuring and monitoring the source size and stability. 
1.3 DIFFERENT WAYS TO MEASURE THE SOURCE SIZE 
Ability to measure the electron source size and divergence at synchrotron facilities is an 


















of the electron source size and divergence are made by measurement of the emitted light from the 
source. Both insertion devices and bend magnet sources of light can be used for diagnostic 
beamlines, but, because of cost and limited number of insertion devices, most synchrotron facilities 
utilize bend magnet radiation for monitoring source properties. 
The source size measurement methods can be categorized in two different groups: direct 
imaging methods and diffraction-based techniques. The typical required sensitivity for these 
measuring systems is about 5% of the source size. For the 4th generation sources the electron source 
size is in the range of 2-10 microns. Thus the sensitivity would need to be as low as 100 nanometer 
scale. 
The direct imaging methods include pinhole imaging [11, 12] and systems using focusing 
optics like Compound Refractive Lenses (CRLs) [13], Fresnel Zone Plates (FZP) [14, 15] and 
Kirkpatrick-Baez (KB) mirrors [16].  
The diffraction-based methods include double-slit [17-19], grating [20, 21] and multi-lens 
x-ray interferometry [22, 23] along with π polarization measurements with a diffraction obstacle 
[24, 25]. The diffraction-based methods rely on the transverse coherence of the source. These 
methods also require a higher intensity compared to direct imaging systems. 
Pinhole imaging provides information in source size in both transverse directions and is 
the most common and simple way of measuring the source size at 3rd generation storage rings. 
This system is mostly used in white beam and doesn’t require any complicated x-ray optics. 
However, because of diffraction and physical limitations, the ultimate resolution of the pinhole 
system is about 10 μm.  
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Measuring the source size with double-slit interferometry relies on the spatial coherence of 
the source which was first developed by Dr. Toshi Mitsuhashi at KEK in Japan. This system has 
high resolution and has been used to measure source sizes down to around 4 μm. 
 This system is mostly used in the visible light region. The quality of the optical 
components and their stability used in the visible light for this method is one of the limiting factors 
for the resolution of the system. Therefore, there are multiple proposals to implement the system 
in the x-ray regime to increase its sensitivity for ultra-low emittance machines [26]. 
1.4 THESIS SCOPE AND OVERVIEW 
This thesis describes a method and system to simultaneously measure the electron source 
size and divergence along with its position and angle in the vertical plane at a single location from 
the source– a Phase Space – Beam Position Monitor (ps-BPM) for a synchrotron source. This 
system was developed at the Biomedical Imaging and Therapy Beamline (BMIT) [27, 28] at the 
Canadian Light Source (CLS). It uses the energy dispersive properties of x-ray diffraction from 
crystals and absorption K-edge of an element to pick a specific energy (angle) of the photon beam.  
The following chapters include background information and papers that are published, 
accepted or submitted on specifications, application and characterization of the ps-BPM system.  
Chapter 2 contains background information about synchrotron radiation, x-ray diffraction 
and absorption K-edge of elements. This information is needed to better understand the ps-BPM 
system.  
Chapter 3 [29] describes in detail, a theory to extract absolute and relative electron source 
size and divergence from the data recorded by ps-BPM. The performance of the system and data 
was compared with the source size measured with a pinhole camera at the CLS X-ray Synchrotron 
Radiation (XSR) [30] diagnostic beamline. Simulations were done using ShadowOui [31] 
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raytracing in the OASYS environment [32] to validate the performance of the system and the 
experimental results. 
Chapter 4 has an overview of the ps-BPM as a source position, angle, size and divergence 
monitor. An application of the system during normal operations of the CLS storage ring is 
presented. Data in the time and frequency domain were used to characterize effects of machine 
and beamline optics and isolate them from each other. The effects of an insertion device magnetic 
field change on the electron source parameters was measured. 
Chapter 5 includes an in-depth study to optimize the ps-BPM system using simulation 
tools. Each component and their effects on the resolution of the system was investigated. A 
feasibility study was performed to evaluate the performance of the system for the APS-U source 
size measurements. 
Chapter 6 is a comparison between three possible ways to measure the source size for new 
generation storage rings with ultra-small emittance. The design consideration for pinhole imaging, 
double slit interferometry and ps-BPM are discussed along with their sensitivity and limitations 
for comparison. 
Chapter 7 makes an overall conclusion about the body of work and describes possible 
future directions of research and development. 
Appendix A is a copy of the paper that was published as part of earlier work for the author’s 
M.Sc. included here for reference [1]. This paper describes in detail how the ps-BPM was 
developed to measure the electron source position and angle at a single location.  
Appendix B follows on the previous work done to measure the source position and angle 
with ps-BPM [33]. A noise with a fixed frequency was introduced in the ring and the beam position 
and angles were monitored with ps-BPM. The data was compared with theoretical values 
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calculated for the noise. The source size was changed to demonstrate that the changes can be 
detected by ps-BPM system. 
1.5 OBJECTIVES 
 The objective of this project was to determine the feasibility of a ps-BPM for measuring 
the source properties by: 
1. Developing a complete theory of operation and modelling of system operation,  
2. Determining the limits of the ability to extract the emittance information by 
measurements and modeling tools, 
3. Applying it during normal operations of the CLS and observing changes in beam 
properties as an insertion device field was being altered, 
4. Developing a modeled optimized implementation that could be used at APS-U, 
5. Comparing the system with the other beam size monitoring systems. 
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2.1 SYNCHROTRON RADIATION 
When an electron is traveling close to the speed of light (relativistic electrons) and is 
transversely accelerated relative to its velocity it will create what is called synchrotron radiation. 
Synchrotron radiation is typically created in a laboratory however there are extraterrestrial sources 
like the Crab nebula were synchrotron radiation is created by relativistic electrons in a strong 
magnetic field from a pulsar [1]. Early research uses of synchrotron radiation were parasitic to 
high-energy physics electron beam facilities [2]. The electron energy loss due to the radiation was 
a nuisance for high energy physics however the intensity and directional aspects of the light proved 
to be powerful for photon-based research, so much so, that facilities were designed and built 
specifically to create synchrotron radiation. 
At synchrotron radiation facilities a nearly circular path of highly relativistic electrons is 
created by magnetic fields as shown in Figure 2- 1. This magnetic field is produced by dipole 
bending magnets in a magnetic structure called the lattice. 
The photons are produced as a result of changes in the direction of the velocity vector of 
the electron in the transverse direction in the circular motion. The direction that the velocity vector 
is pointing is the direction that the light is being emitted into a cone with an approximate 1/γ radian 






  ) [3]. The electron energy in storage ring sources are typically in GeV or multi GeV 
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range, resulting in γ ranging from a few hundred to several thousands. For example, at the CLS 
storage ring γ is approximately 5700. 
The creation of light depends on a transverse magnetic field and typically in a storage ring 
there is light from the bend magnets that creates the semi-circular trajectory and other devices that 
repeatedly transversely accelerate the electrons with a periodic magnetic field - wigglers and 
undulators. Though these devices provide very intense variable spectrum photon sources, further 
discussion about them is not provided here as it is available in great detail from other sources [4]. 
The spectrum from a bend magnet source is similar to an impact source such as an x-ray 
tube in that it generates a broad spectrum of light. The spectrum will extend from the far-infrared 
to the x-ray region depending on the electron energy and the strength of the magnetic field. A 
characteristic of the spectrum is the critical energy. There are different definitions of this photon 
energy, frequency, or wavelength, but the definition used here will be the point that marks the one-
Figure 2- 1 Schematic of a synchrotron storage ring with an example bend magnet and 
insertion device beamline. 
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half radiated power point of the spectrum (i.e. one-half of the radiated power is below of this 
energy and one-half above). In practical units, it can be represented in keV energy units as,  
where B0 is the magnetic field in T (Tesla) of the dipole and ER is the electron energy in GeV [3]. 
For a CLS bend magnet the critical energy is 7.57 keV (2.9 GeV ring energy, 1.354 T magnetic 
field). 
The spectrum and angular distribution of synchrotron light from a bend magnet can be 
described as a function of photon energy (E0), photon energy bandwidth (
𝛥𝐸
𝐸
), vertical opening 
angle (ψ) and horizontal angle (θ) by 
where ER is the ring energy in GeV, IR is the ring current in amperes,  





 .  
The 1
3
K  and 2
3
K functions in Equation (2. 3) are modified Bessel functions of the 2nd kind 
of fractional order [3]. A plot showing the behavior of the Equation (2. 3) at X=0 as a function of 
𝐸𝑐[𝑘𝑒𝑉] = 0.665 𝐸𝑅
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y is shown in Figure 2- 2. This universal plot describes the energy spectrum from a bend magnet 
in terms of critical energy units.  
At energies well above the critical energy of the source the synchrotron radiation can be 
well described by a Gaussian distribution. Figure 2- 3(b – g) shows the vertical distribution and 
the photon flux at various energies measured in critical energy units (y = 0.5, 1, 2, 3, 4, and 5) 
calculated using Equation (2. 3). The calculated profiles are shown in purple and Gaussian fits to 
those profiles are shown as red dashed lines. As can be seen that the fits are better for larger values 
of y. The percent standard error from the fitting routine written in IDL (Interactive Data Language, 
Harris Geospatial Solutions, Inc, Broomfield, Colorado, United States) is shown in Figure 2- 3a. 
As seen by looking at the profiles and the standard error profiles the Gaussian fit is near or below 
Figure 2- 2 Universal spectrum from a synchrotron bend magnet source. The plot 
represents the on axis (ψ=X=0) value of Equation (2. 3). The horizontal axis, y, is 




1% when the photon energy is above the critical energy (y ≥ 2). This ability to fit the shape of the 
synchrotron beam with a Gaussian profile is important for this project. 
Synchrotron light from a bend magnet has primarily horizontal polarization (σ) due to the direction 
the electron is accelerated in by a bend magnet. Equation (2. 3) has two terms, the first term 
containing 2
3
K  represents the fraction of the beam that is horizontally polarized (σ); the second 
term with 1
3
K the vertical (π) polarization. The horizontal polarization is complete when observed 
in the orbital plane (X=ψ=0).  However, when observed above or below the vertical plane, the light 




Figure 2- 3 Vertical beam profiles shown in purple calculated using Equation 
(2. 3) for values of y= 0.5 (Figure b), 1 (c), 2 (d), 3 (e), 4 (f) and 5 (g) over a 
±5 γψ range. Gaussian fits to those profiles are shown in red dashed lines. The 
percent standard errors of those fits are shown in Figure a.  (calculations and 
fits done in IDL). 
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2.2 X-RAY DIFFRACTION BY SINGLE CRYSTALS 
2.2.1 Bragg’s law of diffraction 
The synchrotron radiation beam is polychromatic, therefore, for many applications the 
selection of a specific energy (wavelength) is desired. In the x-ray range diffraction from crystals 
is commonly used to prepare these single energy or monochromatic beams. Single crystal silicon 
is the most common x-ray monochromator crystal use to select an energy.  
The constructive interference between reflections from individual lattice planes in a crystal 
creates x-ray diffraction. The relationship between the wavelength of the incident beam, λ, the 
spacing between the lattice planes in the crystal, 𝑑ℎ𝑘𝑙 and the angle between the lattice planes and 
incident beam, 𝜃𝐵, can be described by Bragg’s law, 
where ℎ, 𝑘 and 𝑙 are the Miller indices of the used reflection [5]. The derivative of Equation (2.4) 
gives 
Most solids will have a poly-crystalline nature in which the material is composed of many 
small crystals that are mostly randomly oriented. Materials that are single crystals may also be 
composed of small crystallites that are mostly oriented. The angular distribution of those 
crystallites forms what is called the mosaic spread of the crystal. Diffraction properties of these 
types of crystals can be described by a single scattering theory (i.e. the x-ray will only diffract 
from a single crystallite). This single scattering type theory is called the kinematic theory of x-ray 
diffraction [5]. These types of poly-crystalline materials are not suitable for uses for high 
brightness sources as they destroy much of the coherence and collimation of a synchrotron beam. 
High quality single crystals such as silicon are available as a consequence of the semiconductor 









. (2. 5) 
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industries drive for better devices. These crystals are highly perfect, dislocation free and available 
in large sizes (greater than 30 cm diameter boules). 
2.2.2 Perfect crystal diffraction 
For crystals that are highly perfect a single scattering type theory is no longer appropriate 
and a wave theory that fully accounts for multiple interactions between the x-rays and the crystal 
lattice is needed. This type of fully interacting diffraction theory is called a dynamical theory [6, 
7]. These perfect crystals used as a monochromator will preserve the phase, divergence and the 
wavefront properties of the source of light. 
The reflectivity of the crystal is defined as the ratio between the intensity of the diffracted 
x-ray beam and that of a single energy incident plane wave beam.  
 Based on the dynamical theory, total reflection (reflectivity equals one) occurs within the 
Darwin width for a non-absorbing crystal with infinite layers of atomic planes. The angular Darwin 
width 𝜔𝐷 is given by [7], 
where 𝑟𝑒 is the classic electron radius. 𝐹 and 𝑉𝐶 are the structure factor and volume of the crystal 
unit cell, respectively. This Darwin width can be transformed to energy bandwidth through 
















. (2. 7) 
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An interesting aspect of this equation is that (ignoring minor absorption effects) the 
bandwidth from a perfect crystal is energy independent. For proper calculation of the reflectivity, 
the absorption effect needs to be included in the calculation of diffraction profiles as well. Figure 
2- 4 shows examples of reflectivity curves of a Si (111) crystal tuned to different photon energies 
calculated using the XCRYSTAL [8] module in XOP [9]. 
Figure 2- 4 Diffraction profiles of a Bragg Si (111) crystal at 




2.2.3 Energy dispersion due to diffraction  
When the incident beam is polychromatic and non-parallel, the crystal diffracts x-rays with 
different photon energies at different incident angles following Bragg’s law (Equation (2.4)). A 
DuMond diagram [10] is normally used to describe the transfer function between the incident beam 
angle and the wavelength band. Figure 2- 5 shows an example DuMond diagram of a Si (1,1,1) 
crystal in the vicinity of the barium K-edge energy (37.441 keV) over the vertical opening angle 
of BM radiation.  
The DuMond diagram shows the center, range, and width of beam divergence angle and 
the corresponding wavelength/energy, and their relationship through Equations (2. 4 - 2. 6). In the 
particular case in Figure 2- 5, the Si (1,1,1) crystal disperses the divergence range (176 µrad) of 
the vertical BM radiation fan into an energy spread of 125 eV. At each angular direction (a vertical 
cut in the DuMond diagram), the intrinsic energy bandwidth of the crystal is 5.00 eV.  
Figure 2- 5 DuMond diagram for the Si(1,1,1) reflection over the entire diffraction angle range 
(figure a) and Figure b shows an expanded view of the reflection at the Ba K-edge (37.441 keV) 
over an angular range that matches the vertical divergence f a bend magnet at the Canadian Light 
Source. Relevant parameters are given in Figure b. (calculations and plots are done using IDL) 
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2.2.4 Crystal diffraction geometries  
X-ray diffraction occurs from the interference of the x-rays with the lattice planes in a 
crystal. The relationship between the lattice planes and the crystal surface(s) defines the diffraction 
geometry which is divided into the reflection or Bragg geometry and transmission or Laue 
geometry. The Bragg geometry applies to the case when the incident x-ray beam and the diffracted 
beam from the planes enter and exit the same surface. The Laue geometry applies when the 
incident x-ray beam enters one surface and the diffracted beam exits a different surface. For 
monochromator applications the crystals are machined as plates and the lattice planes are usually 
parallel to the surface in Bragg case (symmetric Bragg) and perpendicular to the surface in the 
Laue case (symmetric Laue). Examples of each are shown in Figure 2- 6. 
The energy of the monochromatized beam can be changed by changing the Bragg angle. 
This will move the diffracted beam in an angle. A double crystal geometry can be used to keep the 
beam at a fixed position where the first crystal is to monochromatize the beam and the second one 
to diffract that beam parallel to the incident polychromatic beam [11]. 
2.3 ABSORPTION K-EDGE OF AN ELEMENT 
Figure 2- 6 Schematic of single crystal diffraction in the Bragg or reflection geometry (a) and the 
Laue or transmission geometry (b). 
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X-rays interact with matter in a number of different ways much in the same way as visible 
light and matter interact. For example, x-rays experience refraction at interfaces between materials 
but is much reduced and is not relevant for the present discussion. Of interest here is the attenuation 
of x-rays as they traverse materials. In the energy range of from a few keV to a few hundred keV 
photon energy the primary interactions that attenuate x-rays are photoelectric absorption, Compton 
scattering and elastic scattering. All of these interactions play some role (good and bad) in the ps-
BPM system. The photoelectric absorption is required for the operation of the ps-BPM, Compton 
scattering provides a background noise that interferes with the system and elastic scattering is the 
effect necessary for the operation of the monochromator. 
The photoelectric absorption, of interest here, occurs when an x-ray photon interacts with 
an electron bound to an atom. When the photon energy exceeds the binding energy of the electron, 
the interaction results in the disappearance of the photon and the ejection of the electron from the 
atom with an energy that is the difference between the photon energy and the binding energy. This 
Figure 2- 7 K-edge energy (a) and K-edge width (b) for different elements as a function of 
their atomic number, Z. 
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effect results in a contribution to the mass attenuation coefficient, μ/ρ, depending on the atomic 
number, Z, of the element and photon energy, E, having an approximate Z3/E3 relationship. 
As the x-ray energies increase the x-ray photon can eject more and more bound electrons 
from the atom. When the x-rays have just enough energy to remove an electron from one of the 
shell levels of the atom the absorption will increase significantly. These jumps in absorption 
increase as deeper levels within the atom are accessed. In between these jumps in absorption the 
approximate 1/E3 relationship applies as a function of energy. When the photon energy is sufficient 
to eject the inner-most, tightly bound, electrons (1s or K-shell level) of an atom the absorption 
changes dramatically and is referred to as the K-edge of that element. The energies at which the 
K-edge occurs as a function of Z is shown in Figure 2- 7 (a).  
The x-ray transmission through a material can be calculated using the Beer-Lambert law, 
where ρ is the density and t is the thickness of the material. 
It is possible to tune the monochromator to the K-edge energy of an element. Due to the 
dispersion properties of the crystal and the range of angles from the source, some of the beam can 
be below the K-edge and some above the K-edge. 
The K-edge of an element has a fixed energy width that depends on the lifetime of the 
electron hole created in the K-shell.  Based on Heisenberg’s uncertainty principle energy, ΔE, and 
time, Δt, are related by,  
where in the case of an excited stated, Δt is the lifetime, the time that it takes for that excited state 








∆𝐸∆𝑡 ≳ ℏ, (2. 9) 
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Like the K-edge energy, this lifetime broadening also increases with Z of the element. 
Figure 2- 7(b) show K-edge width energy as a function of Z [13]. During this decay the transition 
of an upper shell electrons into the lower shell a photon may be emitted (fluorescence) whose 
energy matched the energy difference between the levels of the two shells, or less bound electrons 
may be ejected by a nonradiative process (Auger effect) or both can occur [14]. 
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An electron beam position and angle monitoring system, ps-BPM, has been shown to be 
able to measure the electron source position and angle at a single location in a beamline at a 
synchrotron source. This system uses a monochromator to prepare a photon beam whose energy 
is at that of K-edge of an absorber filter. The divergence of the beam from the source gives an 
energy range that will encompass the K-edge of the filter. A measurement of the center of the 
monochromatic beam and the K-edge location through the absorber filter gives the position and 
angle of the electron source. This paper shows that this system is also capable of measuring the 
source size and divergence at the same time. This capability is validated by measurement as the 
beam size in the storage ring was changed and by ray-tracing simulations. The system operates by 
measuring the photon beam spatial distribution as well as a K-edge filtered beam distribution. 
These additional measurements result in the ability to also determine the electron source size and 
divergence. 
3.2 INTRODUCTION 
The emittance of the electron beam is a fundamental property of synchrotron sources as it 
describes the area of the transverse phase space of the electron source (product of the size and 
divergence) [1]. Measuring the electron source size and divergence is important and becoming 
ever more critical as the next generation light sources are being planned and built [2, 3], such as 
implementing a multi-bend achromat (MBA) lattice [4]. These new machines are focusing on 
achieving the smallest possible emittance ideally below the emittance of the photon radiation to 
deliver a diffraction-limited beam. For example, at the Advanced Photon Source (APS) the 
upgrade source emittance will be reduced from 3.1 nm·rad to 42 pm·rad [5]. The source size and 
divergence of these new machines are typically in the range of a few microns and microradians. 
The increased stability requirement for these new sources demands real-time monitoring of the 
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source position, angle, size, and divergence to characterize and correct the source. There are 
different ways of measuring source size, which can be categorized as direct imaging and 
diffraction-based techniques. 
Direct imaging systems include pinhole measurements [6, 7] and techniques using focusing 
optics like Compound Refractive Lenses (CRLs) [8], Fresnel Zone Plates (FZP) [9, 10], 
Kirkpatrick-Baez (KB) mirrors [11]. 
The traditional pinhole measurement is the most common technique used at the existing 
3rd generation synchrotron facilities to give real-time information of the electron beam size in both 
transverse directions. The pinhole technique is simple and requires no focusing optics. However, 
it has a limited resolution (~10 μm), which makes it impractical for new high-brightness sources.  
The diffraction-based methods utilize the spatial coherence of the source. To be able to 
analyze the contrast of the interferogram for these measurements requires high intensity compared 
to direct imaging systems. Available methods primarily rely on interferometry such as, double-slit 
[12-14], grating [15, 16] and multi-lens x-ray interferometry [17, 18]. Another recent 
interferometry method is based on π polarization measurements [19]. 
Most of the existing ways of measuring the emittance are only capable of measuring the 
size of the electron source with no information about the divergence except for a pinhole array 
system [20] which is limited in resolution.  
The ps-BPM system was introduced previously [21], where the electron beam angle and 
position were measured simultaneously at a single location in a synchrotron beamline. In this 
paper, we will describe how that system can also be used to extract information about the electron 
beam source size and divergence and thus, the potential for a powerful real-time diagnostic tool. 
3.3 PS-BPM SYSTEM 
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A schematic view of the ps-BPM system is shown in Figure 3- 1. Figure 3- 1a shows the 
source and monochromator. The monochromator shown is a single crystal transmission type or 
Laue monochromator. The work shown here is primarily from a double crystal reflection or Bragg 
type monochromator (DCM) [22]. It has been shown that both types of monochromators can be 
used, however the Laue type monochromator is more tolerant to heat loading from the source 
though typically limited to higher x-ray energies (~>20 keV). 
Figures 3- 1b and 3- 1c show two horizontally separated portions of the beam from the 
monochromator. Figure 3- 1b shows the unfiltered beam (beam side) plus the detector and 3- 1c 
shows the K-edge filter (edge side) on the same, but horizontally displaced part of the detector.  
The system records the photon beam profile produced by a bend magnet (BM) source 
Figure 3- 1 Schematic of the ps-BPM system. (a) Side view of the source and 
monochromator (single Laue). Horizontally separated (b) unfiltered beam side and (c) 
filtered edge side of the photon beam on the same detector. Example intensity profiles on 
the right side of the figure in (b) shows the unfiltered photon distribution, and in (c) shows 
the intensity change in the vertical plane after the filter with the K-edge energy in the middle 
of the beam. 
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monochromatized by a crystal. The photon energy is tuned to the absorption K-edge of a selected 
filter, which partially covers the horizontal BM fan. The filtered and unfiltered beam profiles are 
recorded by an area detector and are fitted to appropriate functions. The vertical electron beam 
position and angle information are extracted from the parameters of these fits [21]. 
In addition, the vertical electron beam source size and divergence (emittance) information 
is carried in the measured widths of the unfiltered and filtered beam. These measured widths 
include other contributions that will now be discussed. 
3.3.1 Contributions to the unfiltered beam width 
The measured spatial photon beam width on the unfiltered beam side, 𝜎𝑏𝑒𝑎𝑚, on the 
detector at a distance D from the source includes a convolution of the vertical electron source size, 
𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒 , the divergence of the electron source, 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒′  , and the opening angle of the photon 
beam [23] ,  𝜎𝑦𝑃ℎ
′ . Here 𝜎𝑦𝑃ℎ
′  is modelled as a Gaussian distribution which is a good approximation 
when the photon energy is well above the critical energy of the source. This relation is shown in 
Equation (3. 1) where the contributions to the beam width are all assumed to be Gaussian 
distributions, so they add in quadrature. 
The divergence of the electron beam at the source can be calculated as 
From Equation (3. 2), measurements of 𝜎𝑏𝑒𝑎𝑚,  𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒  and 𝜎𝑦𝑃ℎ
′  are required in addition 
to D to determine 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒′ .  
Equation (3. 1) has no contributions from the monochromator which can be understood by 
considering the DuMond diagram [24] for a monochromator with a synchrotron source. This is 
𝜎𝑏𝑒𝑎𝑚
2 = 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒
2 + (𝐷𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒′ )
2 + (𝐷𝜎𝑦𝑃ℎ











demonstrated in Figure 3- 2 which was modelled with a ray-tracing simulation around the K-edge 
of barium at 37.441 keV using ShadowOui [25] in the OASYS environment [26]. 
The determination of 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒  arises from the K-edge measurement and is described next. 
3.3.2 Contributions to the measured K-edge width of the filtered beam 
The filtered beam profile measured on the detector has an energy distribution because of 
the vertical divergence of the beam which allows the effects of the K-edge to be observed spatially. 
For this discussion the focus will be on the vertical distribution of this measured edge. 
The K-edge in the measurements appears as a smoothed step function and is modelled as 
an error function (an integral of a Gaussian). A derivative of the data results in a Gaussian-type 
peak.  
Figure 3- 2 Simulated vertical beam profile on the detector at 26 m from the source as a 
function of photon energy (a) without and (b) with the monochromator. The FWHM size 
of the two profiles shows that the presence of the monochromator has no effect on the 
detected beam size 
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The measured K-edge width of this peak, 𝜎𝑒𝑑𝑔𝑒, includes the vertical electron source size, 
𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒 , the natural angular width of the K-edge, 𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′ , and the intrinsic angular width of the 
monochromator [27, 28], 𝜎𝑦𝑚𝑜𝑛𝑜′  taken in quadrature; this is shown in Equation (3. 3). 
From equation (3. 3), 
3.3.2.1 Natural angular width of the K-edge and the monochromator 
The K-edge is a characteristic absorption feature of an element where the absorption 
changes for photon energies at and above the binding energy, 𝐸𝐾,  of inner shell electrons. The 
absorption around this edge is broadened by the core-hole lifetime. The core level broadening can 
be assumed as a Gaussian function with a width of 𝜎𝐸𝐾−𝑒𝑑𝑔𝑒  in energy [29]. Because of the energy 
dispersion effect of the monochromator crystal, the energy edge width can be converted to an 
angular width given by  
where 𝜃𝐾 is the Bragg angle of the crystal at 𝐸𝐾. Figure 3- 3 shows the calculated photon beam 
profile with a barium filter whose K-edge is 37.441 keV with a Si (2,2,0) DCM. The ray-tracing 
calculations were done at a distance D from the source with a filter having (Figure 3- 3a) both a 
sharp width (𝜎𝐸𝐾−𝑒𝑑𝑔𝑒= 0 eV) K-edge and (Figure 3- 3b) a finite width (𝜎𝐸𝐾−𝑒𝑑𝑔𝑒= 5.6 eV). The K-
edge broadening of the energy scale is projected onto the spatial scale, 𝐷𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′ , on the detector 




′ )2 + (𝐷𝜎𝑦𝑚𝑜𝑛𝑜′ )
2. (3. 3) 
𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒 = √𝜎𝑒𝑑𝑔𝑒
2 − (𝐷𝜎𝑦𝐾−𝑒𝑑𝑔𝑒











the spatial edge width on the detector is non-zero due to the contribution of the monochromator 
crystal, 𝐷𝜎𝑦𝑚𝑜𝑛𝑜′ . 
3.3.2.2 Electron source size effects 
As was shown in the 2015 publication where the beam position and angle were determined 
by the ps-BPM system, the edge location identifies with the position of the electron source [21]. 
For this reason, the spatial broadening of the K-edge is a direct measurement of the source size. 
Figure 3- 4 illustrates this effect for the case where 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒= 0 (Figure 3- 4a) and 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒  =500 
μm (Figure 3- 4b). Note the broadening of the K-edge as projected on the y-axis. 
The results of section 2 show that by having the measurements of the K-edge filtered side 
and unfiltered beam side available at the same time one can compute the vertical size and 
Figure 3- 3 Simulated vertical beam profile as a function of photon energy after (a) a 
filter with sharp absorption edge at 37.441 keV and (b) a barium filter with a 13.2 eV K-
edge width. The edge size in (a) shows the effect of the monochromator broadening, and 
in (b) shows the broadening effect of both the monochromator and the filter K-edge. 
35 
 
divergence of the electron beam if the contributions from the terms 𝜎𝑦𝑃ℎ
′  , 𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′   and 𝜎𝑦𝑚𝑜𝑛𝑜′   
along with the source-to-detector distance, D, are known. 
3.4 MEASUREMENTS AND RESULTS 
3.4.1 Experimental Setup 
Experiments were done at the Biomedical Imaging and Therapy bend magnet (BMIT-BM) 
beamline [30, 31] at the Canadian Light Source (CLS) with photon beam energy at the barium 
(37.441 keV) K-edge selected using a silicon (2,2,0) DCM. A combination of 0.1 mm aluminum 
and 0.25 mm copper filters were used to reduce the heat load on the monochromator to less than 2 
W over the full width of the beam and normal storage ring operating conditions.  
Part of the horizontal width of the beam was filtered with a 60 mg cm-2 barium solution 
absorber. Both filtered and unfiltered parts of the beam were intercepted by a flat panel Hamamatsu 
(Hamamatsu Photonics, Hamamatsu City, Shizuoka Pref., Japan) detector with a pixel size of 100 
Figure 3- 4 Simulated vertical beam profile as a function of photon energy to show the 
effect of the electron source size on the filtered edge side of the beam. (a) A electron 
source with zero emittance and (b) a Gaussian electron source with 510 µm vertical size 
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μm × 100 μm and 33 Hz frame rate to record the images. For this application the detector was at 
26 m from the source. 
3.4.2 Data Analysis 
The unfiltered beam side and filtered edge side of the beam were recorded simultaneously 
and analyzed using programs written in IDL (Interactive Data Language; ITT Visual Information 
Solutions, Boulder, CO, USA). The detector dark response (image of the detector with no beam) 
was subtracted from both the unfiltered and K-edge filtered sides of the data. The data was then 
averaged over a select horizontal region to generate one-dimensional vertical beam profiles 
(unfiltered and K-edge filtered). The quantity 𝜎𝑏𝑒𝑎𝑚 in Equation (3. 2) was obtained by fitting the 
profile from the unfiltered beam side to a Gaussian.  
The K-edge filtered profile was then normalized by the unfiltered profile. The derivative 
of the negative logarithm of this normalized profile was also fit to a Gaussian. The width of the fit 
(RMS value) is the factor  𝜎𝑒𝑑𝑔𝑒 in Equation (3. 3). The contributions of the natural angular width 
of the K-edge and the monochromator were determined through a numerical error minimization 
procedure as described in the results section. This total contribution was then subtracted in 
quadrature from 𝜎𝑒𝑑𝑔𝑒 based on Equation (3. 4) to solve for the vertical electron beam size at the 
source, 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒 . 
The divergence of the photon beam was calculated and fit to a Gaussian to solve for 𝜎𝑦𝑃ℎ
′ .  
Referring to Equation (3. 2), the divergence of the electron beam at the source, 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒′  , was then 
calculated by subtracting in quadrature 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒  , which was obtained from the K-edge filtered 
side and the calculated 𝜎𝑦𝑃ℎ
′ .  
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The RMS fitting error was found by averaging the data over various time scales to simulate 
different sampling frequencies. The RMS error values are plotted as a function of sampling 
frequency in Figure 3- 5. To achieve higher accuracy, longer integration time (lower sampling 
frequency) is needed. A sampling frequency of 0.33 Hz was chosen which gave an RMS value of 
less than 5% of the electron beam size across all measurements. Note that this sampling frequency 
was limited by the achievable intensity across the small photon beam width that was taken. 
3.4.3 Results 
Measurements were performed during special operation shifts at the CLS while the size of 
the electron beam was changed by altering the vertical - horizontal coupling using different 
currents in skew quads. This method of changing the source size and divergence was chosen since 
it does not change the machine beta-functions in the storage ring.  
The data was compared with measurements recorded with a 30µm pinhole camera at a 
diagnostic BM beamline, X-ray Synchrotron Radiation (XSR) [32]. The pinhole measurements 
Figure 3- 5 RMS error of the extracted electron source 
size as a function of sampling frequency 
38 
 
were made at the same time as the ps-BPM measurements. The measured electron source size with 
the ps-BPM system at the barium K-edge is shown in Figure 3- 6a compared against the source 
size measured by the pinhole. Since the pinhole cannot measure the divergence of the source, the 
measured divergence with the ps-BPM system is also plotted against the size values from the 
Figure 3- 6 Measured (a) electron source size and 
(b) electron source divergence using the ps-BPM 
system at the BMIT beamline. The horizontal 
axis is the size measured using a pinhole setup at 
the XSR diagnostic beamline 
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pinhole measurement (see Figure 3- 6b). Each data point was obtained with a sampling rate of 0.33 
Hz over a total of 40 second period.  
The size contribution by the natural angular width of the K-edge, 𝐷𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′  , and the 
monochromator, 𝐷𝜎𝑦𝑚𝑜𝑛𝑜′ , corresponds to a vertical width of 386.6 μm on the detector when added 
in quadrature. This vertical width was determined by a numerical minimization procedure 
involving a fit to measured ps-BPM data as a function of XSR values to achieve the best linear 
zero-intercept result while varying the vertical width parameter. 
Table 3- 1 Measured electron source size (𝜎𝑦𝑋𝑆𝑅) by a pinhole at the XSR beamline made as the 
vertical source size was changed using skew quadruples. Included are measurements by the ps-
BPM system at BMIT beamline of the electron source size (𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒), average source position 
(?̅?𝑒𝑆𝑜𝑢𝑟𝑐𝑒), divergence (𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒′ ), average angular position (𝑦
′̅
𝑒𝑆𝑜𝑢𝑟𝑐𝑒
), and the average beam 
















83.6 98.0±2.6 271±8 21.11±0.11 0.90±0.61 294±15 
76.6 89.1±2.8 277±8 20.24±0.08 0.53±0.62 290±16 
70.7 84.2±2.6 277±8 19.41±0.10 0.66±0.63 294±16 
66.5 74.3±3.1 283±8 18.99±0.08 0.33±0.71 291±18 
65.2 75.3±3.7 278±8 18.80±0.06 0.70±0.65 297±16 
65.6 76.5±2.1 276±8 19.05±0.10 0.73±0.68 295±17 
82.4 96.1±2.2 269±8 21.02±0.11 0.62±0.62 285±16 
89.8 103.8±3.1 266±8 22.20±0.15 0.80±0.65 286±16 
98.2 111.8±2.2 263±8 23.56±0.15 0.89±0.62 286±15 
106.8 122.4±1.4 261±8 25.14±0.12 0.76±0.62 281±15 
 
The monochromator contribution, 𝐷𝜎𝑦𝑚𝑜𝑛𝑜′ , can be calculated using the intrinsic angular 
width for the monochromator crystals [27, 28] which equals to 59.4 μm on the detector (2.3 eV in 
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FWHM). This implies that the contribution for the natural angular width of the barium K-edge, 
𝐷𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′ , is about 382 μm (15.0 eV in FWHM).  
The 386.6 μm contribution is then subtracted in quadrature from each data point using 
Equation (3. 4) and the result 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒  was plotted against XSR values (Figure 3- 6a).  
The divergence of the electron source,  𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒′ , shown in Figure 3- 6b is obtained from 
Equation (3. 2) using a calculated value of 𝜎𝑦𝑃ℎ
′ = 48.1 μrad and the experimentally determined 
𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒  values. 
It should be noted that the ps-BPM system not only measures the size and divergence, but 
also, the position and angle of the electron source at a single location with a single set of 
measurements. The results of all four values are summarized in the Table 3- 1 where ?̅?𝑒𝑆𝑜𝑢𝑟𝑐𝑒  and 
𝑦 ′̅
𝑒𝑆𝑜𝑢𝑟𝑐𝑒
 are the position and angle of the electron source, respectively. 
3.4.4 Simulation to study ps-BPM sensitivity 
To assess the sensitivity of the system for measuring beam properties that determine the 
emittance as well as assessing other optical arrangements, ray-tracing simulations were performed. 
The bending magnet source was simulated with the built-in widget in ShadowOui. The 
nominal electron beam size input is 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒= 51.3 µm with divergence of 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒′ = 9.83 µrad. 
An energy bandwidth of 100 eV around the barium K-edge (37.441 keV) was used in the 
simulation to ensure coverage of the full phase and energy space of the system. To minimize 
statistical error, a total of 5×107 rays were used in each calculation. The simulation error is defined 
as the RMS deviation of ten calculations.  
The monochromator was simulated with the DCM widget in ShadowOui with the 
dispersion effect of the plane crystals taken into account. The K-edge filter absorption was 
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calculated with a Python script that appropriately attenuates the rays after the monochromator. The 
transmitted rays through the filter were collected into a histogram at the detector plane, where the 
bin size represents the detector pixel size.  
Figure 3- 7 Simulation studies of the sensitivity of the 
ps-BPM system. Extracted electron source size (open 
markers) and divergence (closed markers) from 
different input values of (a) the electron source size and 
(b) the divergence 
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The simulated beam profiles (the histogram) with and without the K-edge absorption filter 
were then analyzed using the same data analysis process as the experimental results. The output of 
each calculation gives the unfiltered beam and K-edge filtered beam widths.  
Calculations were done with zero electron beam source size and divergence (zero 
emittance) to determine the photon, monochromator and K-edge contributions that are needed in 
Equation (3. 2) and (3. 4). 
Results obtained from ten bend magnet and ten zero emittance source simulations show 
expected measured values of 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒  = 55.9 ± 1.6 µm (input value = 51.3 µm) and 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒
′ = 
9.59 ± 0.35 µrad (input value = 9.83 µrad). 
For sensitivity studies, simulations were done by varying the electron beam source size and 
divergence. The inputs 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒  and 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒′  were scanned about their nominal values. The 
results were processed the same as described above and plotted in Figure 3- 7. 
The results indicate that the system can easily detect 5% changes in the source size and 
angle. 
3.4 DISCUSSION AND CONCLUSIONS 
The determination of the emittance properties from electron storage rings is becoming 
more important as sources are becoming brighter. This paper described a new method of measuring 
the source size and divergence of a storage ring. The emittance of the source can then be 
determined if the beta function of the machine is known [33]. 
The ps-BPM system is capable of measuring the vertical electron beam source position, 
angular position, the vertical beam size and divergence at the same time. A model of the ps-BPM 
system has been developed for understanding how these parameters are extracted from measured 
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beam and K-edge filtered widths. This understanding has been validated with commonly used 
modeling programs. 
Specifically, the purpose of the simulation study was to a) validate the data analysis, b) 
validate the physical understanding of the system, c) study the sensitivity of the system and d) 
determine the contribution of the monochromator to the K-edge filtered width measurements.  
Comparing the measurements of the pinhole based beamline with the ps-BPM system 
clearly show that changing the beam size using the skew quads can be detected by both systems. 
The fact that the measured values are not the same is a consequence of the electron sources being 
located at different beta-functions. 
It should be noted that this system measures the electron source properties in one direction 
(vertical) and requires a bend magnet source.  
The ps-BPM system measures the electron beam position and angle in real time [21]. The 
measurement of the source size and divergence does require longer integration time (a few seconds 
in the current setup). The speed can be improved by using a wider horizontal BM fan and an 
optimized geometry (e.g., shorter source-to-detector distance). 
Further studies are planned to calibrate the system by measuring the source size with 
different methods at the same beamline as the ps-BPM system. 
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Synopsis An electron beam position and angle monitoring system, ps-BPM, has been shown 
to be able to measure the electron source position and angle at a single location in a beamline at a 





A phase space beam position and size monitor (ps-BPM) system was introduced previously 
to measure the electron source vertical position and angular motion along with the vertical source 
size and angular size at a single location in a synchrotron bend magnet beamline. The system uses 
a combination of a monochromator and a filter with a K-edge to which the monochromator was 
tuned in energy. The vertical distribution of the photon beam with and without the filter was 
simultaneously visualized with an imaging detector. The small range of angles from the source 
onto the monochromator crystals creates an energy range that allows part of the photon beam to 
be below the K-edge and the other part above. Measurement of the vertical beam location without 
the absorber and vertical edge location with the absorber allows measurement of the source 
position and angle. The photon beam width and edge width give information about the vertical 
electron source size and divergence. In this work, we show a typical measurement with the ps-
BPM monitor and results that can be obtained from a single measurement. By combining the 
analysis in the time and frequency domain, information on beam motion and size can be extracted 
and identified from both the source and the beamline optics. Applications of the ps-BPM system 
at the Canadian Light Source are demonstrated by studying beam vibrations and machine insertion 
device field changes. 
4.2 INTRODUCTION 
Accurate measurements of the electron source size and divergence are becoming 
increasingly important at synchrotron facilities as the next generation light sources are being built 
with the goal on achieving the smallest possible emittance [1, 2].  
Currently available ways of measuring the source size are relying on direct imaging or 
interference-based techniques. Direct imaging methods include pinhole imaging [3, 4], imaging 
with Kirkpatrick-Baez (KB) mirrors [5], Compound Refractive Lenses (CRLs) [6] and Fresnel 
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Zone Plates (FZP) [7, 8]. The interferometry based systems include double-slit diffraction [9-11], 
grating interferometry [12, 13], and π-polarization [14]. 
In addition to the importance of measuring the source size at these next generation light 
sources, beam stability is also of great concern. Real-time measurements of the position and 
angular position of the electron beam at a single location will be a powerful tool as a monitor, a 
diagnostic element, and in a feedback system.  
A phase space beam position and size monitor (ps-BPM) system was introduced previously 
[15, 16], that measures, in real time, all four quantities (size, divergence, position, and angular 
position) of the electron source in the vertical plane from a single measurement. In this work, 
applications of the ps-BPM system in studying the beam performance are demonstrated with 
experimental results at the Canadian Light Source (CLS). 
4.3 PS-BPM SYSTEM 
4.3.1 System overview 
The ps-BPM system uses the nearly monochromatic photon beam provided by a crystal 
monochromator around an absorption K-edge of a selected filter element (see Figure 4- 1). The 
monochromator can be of a reflection type (Bragg geometry) or transmission type (Laue 
geometry). Half of the horizontal size of the photon beam is covered by the K-edge filter (Figure 
4- 1 c Edge Side) and the other half has no filter in the way (Figure 4- 1 b Beam Side). Both halves 
of the beam are then imaged with an area detector.  
The unfiltered beam side of the image data is summed over a horizontal width, and the 
beam profile is shown just next to the detector symbol in Figure 4- 1 b and in Figure 4-1 a. This 
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profile is fit with a Gaussian function from which the center location of the photon beam, 𝑦𝑏𝑒𝑎𝑚, 
and the Gaussian distribution width, 𝜎𝑏𝑒𝑎𝑚, is obtained.  
For the filtered beam side, the image data is also summed over a horizontal width as shown 
in Figure 4- 1 c and Figure 4- 2 b. This profile is then normalized by the unfiltered beam. The 
negative logarithm of this normalized filtered beam profile is taken to convert the filtered data to 
an absorption profile which then resembles the step function associated with the K-edge of the 
element as shown in Figure 4- 2 c. A spatial derivative is taken of this step-like function forming 
a peak that is then fit by a Gaussian function from which we have an edge location, 𝑦𝑒𝑑𝑔𝑒, and 
width, 𝜎𝑒𝑑𝑔𝑒, as shown in Figure 4- 2 d. 
4.3.2 Source position and angle measurements 
Referring to Figure 4- 1, when the electron source moves, the detected photon beam on the 
beam and edge sides may behave differently. For example, if the electron source has a fixed 
Figure 4- 1 Schematic of the ps-BPM system containing (a) the 
crystal monochromator, the K-edge filter, and the detector. A 
single crystal Bragg geometry is shown. Figures (b) and (c) show 




position but a changing angle, the detected photon beam on the beam side will move vertically 
according to the angle and the distance the detector is from the source point. However, on the edge 
side, the edge location will not move as the monochromator will select out the same energy from 
the angular distribution of the source. This is because the angle of the photon beam to the 
monochromator crystal is directly related to the energies diffracted by the monochromator by 
Bragg’s law. 
Now if the electron beam is fixed in angle but moves vertically in position, the photon 
beam on the beam side will also move vertically as will the edge location on the edge side. Thus, 
there is a simple relationship between the vertical angle and position of the electron beam to the 
measured photon beam and edge locations. This then can be used to determine, independently, the 
vertical position and angle of the electron source [15]. 
Figure 4- 2 Beam and edge analysis. (a) Beam profile along with Gaussian fit 
parameters. (b) Edge profile which is then normalized by (a). The negative logarithm of 
this normalized profile is shown in (c). The spatial derivative of the profile in (c) results 
in a peak shown in (d) along with its Gaussian fit parameters 
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4.3.2.1 Filtered K-edge side 
As has been previously discussed, the location of the K-edge on the filtered K-edge side of 
the data is only sensitive to the electron beam position and not to the angular position of the 
electron beam. As shown graphically in Figure 4- 2 d, the center of the Gaussian fit to the filtered 
K-edge side (𝑦𝑒𝑑𝑔𝑒) is a direct measure of the electron source position 𝑦 as 
4.3.2.2 Unfiltered side 
The unfiltered beam side of the data includes the position 𝑦 and angular position 𝑦′ of the 
electron source according to 
where D is the source-to-detector distance.  
By having the two measurements at the same time with the ps-BPM system, we can solve for the 
angular position of the electron source, 𝑦′, based on Equation (4. 1) and (4. 2) as 
4.3.3 Source size and divergence measurements 
The previous discussion shows that the measurement of the center of the photon beam and 
edge distribution identifies the position and angle of the electron source. It then follows that an 
extension of the source size in either position and angle will result in a widening of the photon 
beam and/or edge distributions. 
For the following discussion we will assume that the source size and divergence will be 
Gaussian distributions along with other factors that may contribute to the measured widths arising 
from the optics, the filter material and the natural opening angle of the photon beam from the 
𝑦 = 𝑦𝑒𝑑𝑔𝑒. (3. 4) 
𝑦𝑏𝑒𝑎𝑚 = 𝑦 + 𝐷𝑦
′, (4. 1) 
𝑦′ = (𝑦𝑏𝑒𝑎𝑚 − 𝑦𝑒𝑑𝑔𝑒)/𝐷. (4. 2) 
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source. Thus, the measured photon beam and edge widths are the sum, in quadrature, of the 
appropriate contributions. 
4.3.3.1 Filtered K-edge side 
The spatial width 𝜎𝑒𝑑𝑔𝑒 of the Gaussian fit from the filtered K-edge side of the photon 
beam includes contributions from the natural width of the K-edge filter element 𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′ , the 
angular acceptance of the monochromator 𝜎𝑦𝑚𝑜𝑛𝑜′ , and the vertical size of the electron source 𝜎𝑦, 
all added in quadrature as 
The electron source size 𝜎𝑦 is then, 
4.3.3.2 Unfiltered side 
The measured spatial width 𝜎𝑏𝑒𝑎𝑚 of the unfiltered side is the combination of the electron 
source size 𝜎𝑦, divergence 𝜎𝑦′, and the opening angle of the photon beam 𝜎𝑦𝑃ℎ
′ , added in 
quadrature as 
By having the opening angle of the photon beam, modelled as a Gaussian1, and the 
measured 𝜎𝑦 from the edge side, we can solve for the divergence of the electron source as 
                                                 
1 The Gaussian distribution assumption applies when the photon energy of the selected beam is above the critical 




′ )2 + (𝐷𝜎𝑦𝑚𝑜𝑛𝑜′ )
























This shows by having measurements of the unfiltered beam side and the filtered K-edge 
side we can measure the vertical position, angle, size, and divergence of the electron source at the 
same time. However, to arrive at these values the contributions from 𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′  , 𝜎𝑦𝑚𝑜𝑛𝑜′  and 𝜎𝑦𝑃ℎ
′  
need to be determined [16]. The 𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′  derives from the tabulated energy width of the K-edge 
filter element [17]. The 𝜎𝑦𝑚𝑜𝑛𝑜′  can be calculated based on the crystal material, reflection and 
photon energy [18]. The photon angular distribution can be calculated and then fit with a Gaussian 
to arrive at 𝜎𝑦𝑃ℎ
′ [19]. 
4.4 RESULTS 
The application of the ps-BPM system is demonstrated below to illustrate the ability to 
provide useful information regarding the source and even beamline properties. 
4.4.1 Normal operations 
Measurements using the ps-BPM system are shown to demonstrate the full characterization 
of the electron beam in the vertical direction during normal operations of the CLS facility. The 
measurements were performed at the Biomedical Imaging and Therapy (BMIT) bend magnet 
(BM) beamline [20-22] at the CLS. The photon energy was tuned to the barium K-edge at 37.441 
keV by the Si (220) Double Crystal Monochromator (DCM). The projected concentration of the 
barium filter is 35 mg·cm-2. The images of the filtered and unfiltered photon beam were recorded 
by a flat panel Hamamatsu detector (Hamamatsu Photonics, Hamamatsu City, Shizuoka Pref., 
Japan) at 𝐷 = 20 m from the BM source. The detector pixel size were square with a linear 
dimension on each side of 100 μm. A total of 3000 images were taken with an acquisition time of 
0.03 s for each image.  
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The measurement results are shown in Figure 4- 3. The beam positions including the source 
position, 𝑦, angular position projected at the detector location, 𝐷𝑦′, and their combined position, 
𝑦𝑏𝑒𝑎𝑚 = 𝑦 + 𝐷𝑦
′, are shown as a function of time in Figure 4- 3 a. The numbers at the tops of 
Figure 4- 3 a and c are the standard deviation of the three positions over the entire measurement 
period of 90 s. The standard deviation values are the direct evaluation of the amplitude of beam 
Figure 4- 3 (a) Beam motions including 𝑦 (left), 𝐷𝑦′ (middle), and 𝑦 + 𝐷𝑦′ (right) as a function 
of time. (b) PSD functions of the three curves in (a). (c) Time evolution of 𝜎𝑦 (left), 𝐷𝜎𝑦′ (middle), 
and 𝜎𝑏𝑒𝑎𝑚 (right). The light colored and dark colored curves are for sampling time of 0.03 s and 
0.9 s, respectively.  (d) PSD functions of the light colored curves in (c). 
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motion. At the detector location, the angular motion of the source has a larger effect than the source 
position motion. 
The power spectral density (PSD) function, obtained from the Fourier transform of the 
time-dependent signal, allows characterizing the measured beam position in the frequency domain. 
The PSD functions of the three curves in Figure 4- 3 a are shown in Figure 4- 3 b, respectively. 
With the sampling rate of 33 Hz, positional variations or vibrations up to 16.7 Hz can be detected. 
The total beam motion, 𝑦 + 𝐷𝑦′, at the detector location in the right panel of Figure 4- 3 b shows 
three characteristic peaks at 6.7, 14.2 and 14.9 Hz, which are clearly from the angular motion as 
seen in the middle panel of Figure 4- 3 b. The small frequency band around the 12.2 Hz peak, 
however, shows up in both the source position and angular position, but not in the combined beam 
position on the detector. This is an unusual case and will not be easily detected by other methods. 
The cause of this frequency band is the vibration of the DCM in the overall pitch angle, where 
both crystals rotate together (see Section III. B. for details). Because of the fixed axis geometry of 
DCM, the beam position at the detector will not change with the DCM vibration. However, the 
Bragg angle change alters the photon energy center, which is interpreted by the ps-BPM system 
as the source position move. On one hand, it means that the monochromator used in the ps-BPM 
monitor needs to be stable. More importantly, it shows the possibility of using the system to 
identify the optics vibration along the beamline. 
The beam sizes including the source size, 𝜎𝑦, angular distribution projected on the detector, 
𝐷𝜎𝑦′, and the total beam size, 𝜎𝑏𝑒𝑎𝑚, are shown as a function of time in Figure 4- 3 c. All curves 
are offset to their own average values, which are indicated in the figure. The light colored curves 
are plotted in the original time scale (0.03 s steps). Since the beam size measurements are photon 
hungry, a longer acquisition time is needed to improve sensitivity [16]. In Figure 4- 3 c, the over 
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plotted curves with dark colors were obtained by averaging every 30 points (0.9 s). The standard 
deviation values shown in the figure are also for the averaged curves which show the sensitivity 
of the system for each of the three parameters. An integration of 0.9 s is adequate to reach the 
sensitivity of 4 μm for source size measurement. 
The corresponding PSD functions of the fast measurement data (light colored curves in 
Figure 4- 3 c) are shown in Figure 4- 3 d. The PSD function for 𝜎𝑦 shows only random noise 
Figure 4- 4 Simulated beam position response as a function of rotation angle of (a) 
the first crystal, (b) the second crystal, (c) both crystals of the DCM, and (d) the 
SCM crystal. The markers represent the extracted source position 𝑦 (triangles), 
projected source angle 𝐷𝑦′ (squares), and the total beam position 𝑦 + 𝐷𝑦′. The 
curves provide a visual aid. 
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indicating that the present system is not fast enough to monitor source size changes on the 
millisecond scale. But, the PSD functions for 𝐷𝜎𝑦′ and 𝜎𝑏𝑒𝑎𝑚 show clear frequency peaks that are 
consistent with the ones observed in the position plots (see Figure 4- 3 b) which is an indication 
of adequate sensitivity. 
4.4.2 Beam vibration analysis 
To further understand the monochromator vibration, ray-tracing simulations were 
performed using ShadowOui [23] in the OASYS environment [24]. Simulation details can be 
found in Samadi, et al. [16]. Figure 4- 4 shows the beam position as a consequence of the input 
angular motion of the DCM crystals (Figures 4- 4 a-c) and single-crystal monochromator, SCM 
(Figure 4- 4 d). Among all four cases, only Figure 4- 4 c shows a zero total beam motion, 𝑦 + 𝐷𝑦′ 
(solid circles). The source position, 𝑦, (solid triangles) and angular position, 𝐷𝑦′, (solid squares) 
have the same amplitude but opposite sign. This is consistent with the experimental observation 
shown in Figure 4- 3 a. In all other three cases (Figures 4- 4 a, b and d), the total beam motion has 
the same amplitude while 𝑦 and 𝐷𝑦′ varies in amplitude and sign. Thanks to the simultaneous 
measurement of 𝑦 and 𝐷𝑦′ by the ps-BPM system, the vibration source of the monochromator 
crystals can be identified by analysing both position contributions. This is another unique feature 
of the ps-BPM system.  
To distinguish between election source vibration and that of monochromators, additional 
tests and analysis will be necessary, such as to evaluate the spectral frequencies of the system. To 
identify the origin of the beam motion shown in Figure 4- 3, measurements were carried out with 
two different monochromators; a Si (220) Bragg DCM at barium K-edge and a Si (311) single 
Laue crystal monochromator (SCM) at iodine K-edge.  
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Figure 4- 5 shows the PSD functions of 𝑦′ obtained from the two separate experiments. 
Both results were extracted from 400 images with a sampling rate of 0.03 s. Both PSD functions 
contain the 6.7 Hz, 14.2 Hz, and 14.9 Hz peaks, which is a clear indication that they are 
characteristic motions of the electron beam.  
Figure 4- 5 PSD functions of the beam angle 𝑦′ measured with (a) a Si 
(220) Laue single-crystal monochromator and (b) a Si (220) Bragg 
double-crystal monochromator at the barium K-edge 
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4.4.3 Effects due to changes in a wiggler field 
The ps-BPM system can provide direct measurements of source parameters, which is a 
promising tool for machine studies. The next example looks at the effects of the BMIT wiggler on 
the BM source as the superconducting wiggler field was changed. The experiment was performed 
at the Iodine K-edge (33.169 keV) by the Si (220) DCM at the beamline. The iodine filter projected 
Figure 4- 6 Extracted (a) 𝑦, (b) 𝑦′, (c) 𝜎𝑦, and (d) 𝜎𝑦
′  at the BMIT bending magnet 
as a function of the magnetic field of the BMIT wiggler. The error bars are the 
standard deviation of 8 measurements of 3 s data 
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concentration was 60 mg·cm-2. BM source parameters were measured at different magnetic fields 
of the BMIT wiggler. 
The extracted electron source position, angular position, size, and divergence are shown in 
Figure 4- 6 as a function of the wiggler field. All results are an average of 24 s. Varying the 
magnetic field of the wiggler alters the tune of the electron beam lattice which changes source 
parameters at the BM location. The electron beam position and angle shift slightly as the wiggler 
field changes as shown in Figure 4- 6 a and b, respectively. Figure 4- 6 c shows a continuous 
reduction in the BM source size as the wiggler field increases. On the other hand, the source 
divergence decreases at the beginning and reaches its minimum after the wiggler field raises above 
2T as shown in Figure 4- 6 d. Note that the results here are to show the sensitivity of the ps-BPM 
system, which are demonstrated by the clear detection of relative changes in all four quantities as 
shown in Figure 4- 6. The absolute electron source sizes in this study are different from the ones 
in Figure 4- 3 because they were measured at different time with different electron beam lattice 
parameters. 
4.5 CONLUSION 
We have shown how to use the ps-BPM system to characterize source properties. The 
capability of monitoring source position, angular position, size, and divergence simultaneously is 
the unique feature of the ps-BPM monitor. Combining the time and frequency domain studies, the 
monitor can provide more systematic information about the source and the beamline. 
The system was used during (1) normal operations where beam motions and size variations 
were monitored, (2) changing the monochromator type to investigate sources of motions, and (3) 
while an insertion device field was changed to assess the impact on electron beam motion and 
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source size. In all instances, the system demonstrated its ability to provide useful information 
which is not possible by other means. 
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Synopsis The optimization of a phase-space beam position and size monitor is carried out by 
ray-tracing simulation to maximize the instrumental sensitivity and resolution for diffraction-
limited light sources. 
5.1 ABSTRACT 
The recently developed vertical phase-space beam position and size monitor (ps-BPM) 
system was proven to be able to measure the electron source position, angle, size and divergence 
simultaneously in the vertical plane at a single location of a beamline. The optimization of the ps-
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BPM system is carried out by ray-tracing simulation to maximize the instrumental sensitivity and 
resolution. The contribution of each element, including the monochromator, K-edge filter, 
detector, and the source-to-detector distance, is studied. An optimized system is proposed for 
diffraction-limited storage rings, such as the upgrade of the Advanced Photon Source (APS). The 
simulation results show that the ps-BPM system can precisely monitor the source position and 
angle in high speed. Precise measurements of the source size and divergence will require adequate 
resolution with relatively longer integration time. 
5.2 INTRODUCTION 
The new generation synchrotron facilities are being designed and built to achieve an ultra-
small emittance utilizing Multi Bend Achromat (MBA) lattices [1]. 
Measurements of electron beam position and size are challenging and important for the 
operation of these new light sources [2, 3]. The existing and planned diagnostics for measuring the 
source size for the MBA sources include pinhole imaging [4, 5], π-polarization imaging [6, 7], 
double-slit interferometry [8 – 10], and Kirkpatrick-Baez (KB) mirrors [11, 12]. Most of these 
systems use dedicated bending magnet (BM) beamlines. The larger size of the BM source, 
resulting from larger beta function, compared to other locations in the lattice allows for more 
precise measurements. 
The pinhole camera measurement with x-rays is the simplest system, but for source sizes 
of less than 10 microns, it is impractical because diffraction by the pinhole complicates extracting 
information about the source size from the image. The double-slit interferometry system has better 
resolution compared to pinhole imaging because the blurring caused by the source size reduces the 
contrast. In this case, the contrast is a measure of the source size, which does not rely on direct 
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imaging. These measurements are photon-hungry, and wavefront distortions caused by optical 
components can result in inaccurate source size measurements. 
The π-polarization technique, another interference-based method, utilizes the out of orbital 
plane vertical (π) polarization of the BM beam and similar to the double-slit method depends on 
source size to reduce the intensity “null” at the midplane. 
KB mirror systems use two cylindrical mirrors, one focusing the photon beam horizontally 
and the other one vertically onto a CCD to measure the source size. In order to beat the diffraction 
limit, KB mirror system must use short wavelength synchrotron radiation. 
In all of these methods, the knowledge of the point spread function of the detection system 
is essential for the source size deconvolution. The contribution from the detector resolution has to 
be minimized for small source size measurements. 
The ps-BPM system [13, 14] developed at Canadian Light Source (CLS) has demonstrated 
the ability to measure the source size and divergence as well as source position and angle in the 
vertical plane, at a single location and time. In this paper, we will report on the process of 
optimizing the ps-BPM system for ultra-small electron source size measurements and provide an 
example for the Advanced Photon Source Upgrade (APS-U) project [15]. 
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5.2.1 ps-BPM system 
A ps-BPM system, as shown in Figure 5- 1, contains a crystal-based monochromator, a K-
edge filter, and an area detector. The monochromator is tuned to the photon energy of the K-edge 
of the filter element. The system utilizes the large horizontal photon fan of the BM beamline to 
measure simultaneously the direct beam (unfiltered beam) and the part going through the K-edge 
filter (filtered beam). These beams include both σ and π polarizations and polarization effect is 
negligible in the analysis. 
The natural vertical opening angle of the photon beam [16] provides a Gaussian-type 
profile for the unfiltered side of the beam at photon energies well above the critical energy of the 
BM source. It is the central location and width of this unfiltered beam that is used in the data 
analysis. The photon beam opening angle also provides a range of incident angles onto the 
monochromator crystal. This range of angles can give an energy range about the central K-edge 
Figure 5- 1 Schematic of the ps-BPM system including a Bragg (a) or Laue (b) crystal 
monochromator, a K-edge filter in (d), and a detector which records both unfiltered beam 
side (c) and filtered edge side (d) of the beam. 
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energy. The K-edge will introduce a step-type function through this energy range. The location 
and width of the K-edge are used in the analysis of the filtered data. 
The vertical profiles of the filtered and unfiltered beams contain the information of the 
electron source position, angle, size, and divergence [13]. The position of the K-edge location in 
the filtered beam, 𝑦𝑒𝑑𝑔𝑒, is a direct measure of the electron source position, 𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒, or 
The electron source size, 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒 , can be extracted from the spatial width of the measured 
K-edge on the detector, 𝜎𝑒𝑑𝑔𝑒, by [14] 
where 𝐷 is the source-to-detector distance, 𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′  is the natural width of the K-edge of the filter 
element translated from an energy width to angular width (see section 2), and 𝜎𝑦𝑚𝑜𝑛𝑜′  is the angular 
acceptance of the monochromator [17, 18].  The electron source emission angle, 𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒
′ , and 
divergence, 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒′ , can be obtained from the simultaneously measured unfiltered beam position, 
𝑦𝑏𝑒𝑎𝑚, and width, 𝜎𝑏𝑒𝑎𝑚, by 
and 
respectively, where 𝜎𝑦𝑝ℎ
′  is the natural opening angle of the photon beam [16]. In the following 
sections, each term in Equations (5. 1) - (5. 4) will be analyzed quantitatively with numerical 
simulation. 
𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒 = 𝑦𝑒𝑑𝑔𝑒. (5. 1) 
𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒 = √𝜎𝑒𝑑𝑔𝑒
2 − (𝐷𝜎𝑦𝐾−𝑒𝑑𝑔𝑒


















5.2.2 Simulation tools and method 
The system measures the beam along the direction perpendicular to the orbital plane which 
is also the diffraction plane of the monochromator that is typically vertical. Taking this direction, 
the system can be described by the propagation of the photon beam through phase-space, which 
includes minimally three dimensions, the energy, 𝐸, the vertical spatial coordinate, 𝑦, and the 
vertical angular coordinate, 𝑦’. To describe the system in sufficient resolution, each dimension 
needs at least a grid size of 103, which gives a total matrix size of 109. To reduce the computation 
effort, Monte-Carlo based geometrical ray-tracing is used for this work. 
All simulations are performed using the ShadowOui program [19] in the OASYS [20] 
environment. In ShadowOui, each type of source and optical element is defined as an individual 
“widget”. The BM source is simulated using the “Bending Magnet” widget, which requires input 
of electron source size, electron emittance (∝ 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒 ∙ 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒′ ), and magnetic field of the BM. 
A BM point source (zero emittance) (PS) can be created by setting both 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒  and 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒′  to 
zero, which is used to generate the photon beam distribution representing the single electron 
emission or single electron point spread function from the BM. The BM source includes both 
horizontal (σ) and vertical (π) polarization components, however, only about 4% of the total 
intensity is contained in the π polarization. 
The monochromators considered in this work are single crystals in the Bragg and Laue 
geometry. All crystals are simulated using the “Plane Crystal” widgets in ShadowOui, where the 
crystal Bragg angle is set to be auto-tuned to the K-edge energy, 𝐸𝐾, of the selected filter element.  
The K-edge filter is the next optical element downstream of the monochromator. The built-
in module in ShadowOui for filter absorption does not contain lifetime broadening for the K-edge 
spectrum, which is the main contributor to the edge width, 𝜎𝑒𝑑𝑔𝑒, in real measurements. Therefore, 
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a dedicated Python script was made inside the OASYS environment to simulate the filter 
absorption by assigning to each ray an intensity scaling factor based on its photon energy and the 




(𝐸) is the energy dependent mass attenuation coefficient around the K-edge of the filter, 








Figure 5- 2 The simulated vertical profiles of the 
filtered beam, 𝐼𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑(𝑦), (solid curve) and the 
unfiltered beam, 𝐼0(𝑦), (dotted curve), and (b) the 
edge profile, 𝑓𝑒𝑑𝑔𝑒(𝑦), (solid curve) obtained from 
Equation (5. 6). The dashed lines in (a) and (b) are 
the Gaussian fitting of 𝐼0(𝑦) and 𝑓𝑒𝑑𝑔𝑒(𝑦) using 
Equations (5. 7) and (5. 8), respectively. 
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core level width, which is normally described by a Lorenz function [21]. In this work, to be 
consistent with the experimental results [13], a Gaussian function is used. 
A typical simulation to achieve enough statistics requires 5×107–5×108 rays, which is 
challenging to run and store as a single simulation. Therefore, a recursive loop is implemented to 
accumulate results of multiple runs (typically 100-3200), each of which contains 5×105 rays. The 
vertical photon beam profiles are recorded as histograms that collect rays at the detector position. 
The histograms are weighted by the ray intensity which contains information on the crystal 
reflectivity and the filter transmission. The bin size of the histograms is a representation of the 
pixel size of the detector. The vertical profiles of the filtered beam, 𝐼𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑(𝑦), and the unfiltered 
beam, 𝐼0(𝑦), are collected and stored for post analysis (see Figure 5- 2 a). 
The simulated photon beam profiles are then analyzed based on the same data analysis 
process developed for experimental results [14]. The edge profile, 𝑓𝑒𝑑𝑔𝑒(𝑦), shown in Figure 5- 
2b, is obtained by 
The edge profile and the unfiltered beam profile are both fitted to a Gaussian function with 
widths 𝜎𝑒𝑑𝑔𝑒 and 𝜎𝑏𝑒𝑎𝑚 and center positions, 𝑦𝑒𝑑𝑔𝑒 and 𝑦𝑏𝑒𝑎𝑚, respectively, given by 
and 
 
The position and angle at the electron beam source are extracted from the fitted 𝑦𝑏𝑒𝑎𝑚 and 
𝑦𝑒𝑑𝑔𝑒 values using Equation 5- 1 and 5- 3, respectively. The electron beam source size is obtained 
𝑓𝑒𝑑𝑔𝑒(𝑦) =






















by deconvolving the edge width, 𝜎𝑒𝑑𝑔𝑒,𝑃𝑆, of a zero-emittance point source from that of the BM 
source, 𝜎𝑒𝑑𝑔𝑒,𝐵𝑀, with a finite electron beam size, given by  
Comparing Equation (5. 9) with Equation (5. 2), the simulated 𝜎𝑒𝑑𝑔𝑒,𝑃𝑆 term represents the 
total contribution of 𝐷𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′ and 𝐷𝜎𝑦𝑚𝑜𝑛𝑜′ . The electron beam divergence is then obtained from 
the photon beam widths, 𝜎𝑏𝑒𝑎𝑚,𝐵𝑀 for the BM source and 𝜎𝑏𝑒𝑎𝑚,𝑃𝑆 for the zero-emittance point 
source by 
The simulated 𝜎𝑏𝑒𝑎𝑚,𝑃𝑆 term represents 𝐷𝜎𝑦𝑝ℎ
′  in Equation (5. 4). The simulation error is 
calculated as the standard deviation of results from one hundred separate ray-tracing calculations 
unless otherwise specified. 
5.3 OPTIMIZATION PROCESS 
The optimization process involves aspects of the system that determine its ability to best 
measure source properties. These factors include the monochromator, K-edge filter, detector 
characteristics, and arrangement of these components (measurement geometry). 
Two cases are considered: a bending magnet at the CLS and a bending magnet for the APS-
U. 
For the CLS, the simulation study is for a 1.354 T BM and an electron beam with 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒  
= 52.7 µm and 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒′  = 6.35 µrad [22]. Unless specified, all simulations were performed with 
a monochromator tuned to the Barium K-edge energy (37.441 keV), a 35 mg·cm-2 barium K-edge 
















The monochromator is one of the most critical components of a ps-BPM system. The effect 
of the monochromator and the choice of the K-edge filter are closely related to each other through 
the angle-energy dispersion from Bragg’s law. The dispersion effect of the monochromator crystal 
projects the absorption edge energy width, 𝜎𝐸𝐾−𝑒𝑑𝑔𝑒 , into an angular width, 𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′ , (measured 
by the spatial width on the detector at distance 𝐷) through the relationship 
where 𝜃𝐾 is the Bragg angle of the monochromator crystal at the filter K-edge energy, 𝐸𝐾. In 
general, to achieve small 𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′  requires a filter with small 𝜎𝐸𝐾−𝑒𝑑𝑔𝑒 , a high K-edge energy, and 
a small Bragg angle. This section and section 2.2 below show in detail how these terms contribute 
to the measurement.  
There are several choices for the crystal material, reflection geometry and choice of lattice 
planes that will now be considered. 
5.3.1.1 Crystal material and geometry 
Single crystal materials are considered for the monochromator. High quality 
semiconductor crystals are commonly available as a consequence of the semiconductor industry 
drive to improve device performance. Dynamical theory [18] can be used to describe the 
diffraction properties of such crystals. Silicon is the most common monochromator crystal used 
for x-ray beamlines because of its availability, degree of perfection, and ability to handle 
synchrotron radiation heat loading.  
The diffraction geometry from crystals falls into two broad categories. The reflection or 









and diffract out of the same surface. In transmission or Laue geometry the lattice planes are mostly 
perpendicular to the crystal surface; x-rays impinge upon one surface and exit through another by 
diffracting through the crystal.  
The Laue geometry has two practical advantages over Bragg because it allows a smaller 
footprint (a smaller crystal) and reduced thermal deformation from the photon beam heat load. 
Nevertheless, based on the diffraction profiles (see Figure 5- 3a) calculated using the XCRYSTAL 
module [23] in XOP [24], Bragg geometry is preferred owing to the higher reflectivity and 
narrower bandwidth compared to Laue geometry.  
Figure 5- 3 Diffraction profiles of the Si (111) reflection 
in the Bragg (dashed line) and Laue (dotted line) 
geometry and the Si (440) Bragg reflection (solid line). 
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Intensive efforts are being dedicated to the studies of crystal quality and thermal 
mechanical design of monochromators, which are not in the scope of this work. We limit the 
following discussions to single Bragg silicon crystals and focus on the optical optimization of the 
ps-BPM system. 
5.3.1.2 Crystal lattice planes 
The intrinsic angular bandwidth of a monochromator, 𝜎𝑦𝑚𝑜𝑛𝑜′ , can be modelled using standard 
dynamical theory [18]. Reflection from high-indices planes [e.g., Si (440)] has smaller angular 
bandwidth as shown in Figure 5- 3b. This effect can be clearly seen in the DuMond diagrams [25] 
shown in Figure 5- 4, where a zero-emittance BM source is monochromatized by a Si (111) crystal 
(Figure 5- 4a) and a Si (440) crystal (Figure 5- 4b) to the barium K-edge energy. Assuming the 
photon beam is absorbed by a barium filter with a sharp edge (𝜎𝐸𝐾−𝑒𝑑𝑔𝑒  = 0), the intrinsic 
bandwidth of the crystal is spatially projected onto the detector plane (the 𝑦 axis in Figure 5- 4). 
Figure 5- 4 Simulated DuMond diagrams using a zero-emittance BM source that is 
diffracted by (a) a Si (111) and (b) a Si (440) crystal, and filtered by a barium filter with 
a sharp K-edge (𝜎𝐸𝐾−𝑒𝑑𝑔𝑒  = 0). 
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The Si (440) reflection contributes to a much smaller edge width, yet gives a larger Bragg angle 
(steeper 𝑦 vs. energy slope in Figure 5- 4b). This has the effect to limit the energy range the 
monochromator will cover with the photon beam divergence from the source. A limited energy 
range is not ideal when the filter edge width, 𝜎𝐸𝐾−𝑒𝑑𝑔𝑒 , is non-zero based on Equation (5. 11). Table 
5- 1 shows the width of the barium K-edge in angle, 𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′ , with different crystal reflections. 
For the same energy edge width (𝜎𝐸𝐾−𝑒𝑑𝑔𝑒 = 5.6 eV, or a FWHM of 13.2 eV assuming a Gaussian 
distribution) [21], a crystal with lower reflection indices is preferred. 
 
Table 5- 1 Barium K-edge width, 𝜎𝐸𝐾−𝑒𝑑𝑔𝑒 , and the equivalent angular width, 𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′ , calculated 
using Equation (5. 11) 
𝑬𝑲 = 37.441 keV Si (111) Si (220) Si (311) Si (440) 
𝜽𝑲 (°) 3.027 4.947 5.804 9.931 
𝝈𝑬𝑲−𝒆𝒅𝒈𝒆  (eV) 5.6 5.6 5.6 5.6 
𝝈𝒚𝑲−𝒆𝒅𝒈𝒆
′  (µrad) 7.9 13.0 15.2 26.2 
 
5.3.2 K-edge filter 
The choice of the K-edge filter determines the energy to be selected by the monochromator. 
Also, the K-edge width will affect the ability to determine the source size [see Equation 5- 2)] as 
it needs to be accounted for in the overall edge width measurement. Since the monochromator and 
energy will determine the flux from the source, the ability to accurately determine the center and 
width of the distribution will rely on the statistical fitting of the vertical profile of the beam. The 
same applies to the K-edge filter where a statistical fit to the edge location and width is performed. 






concentration (𝜌) and thickness (t) – see Equation 5- 5. The product of concentration and thickness 
is commonly referred to as the projected concentration (mass per area) of the filter. 
5.3.2.1 K-edge choice 
The natural energy width of the K-edge of an element is dominated by the lifetime of the 
electron-hole in the K shell. Both the K-edge energy and the edge width increase with the atomic 
number [26]. As described in section 2.1, the K-edge selection must be considered along with the 
selection of the monochromator crystal. Figure 5- 5 shows the simulated vertical photon beam 
profiles indicating the edge widths that contain contributions from both the monochromator and 
the filter K-edge. Even though the crystal bandwidth is smaller for Si (440) crystal (Figure 5- 4), 
the total edge width is spatially larger in 𝑦 (see. Figure 5- 5) due to the increased energy dispersion 
of the (440) compared to the (111) reflection. 
Figure 5- 5 Simulated DuMond diagrams using a zero-emittance BM source that is 
diffracted by (a) a Si (111) and (b) a Si (440) crystal, and filtered by a barium filter with 
a finite K-edge width (𝜎𝐸𝐾−𝑒𝑑𝑔𝑒  = 5.6 eV). 
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Quantitatively, the total contribution from both the monochromator and the K-edge filter 
add in quadrature as 
The calculated 𝜎𝑦𝑚𝑜𝑛𝑜′  , 𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′ , and 𝜎𝑦𝑡𝑜𝑡𝑎𝑙
′  values for different filter elements and crystal 
reflections are summarized in Table 5- 2, where 𝜎𝑦𝑚𝑜𝑛𝑜′   is the fitted Gaussian width of the 
diffraction profile calculated using XOP [24], and 𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′  is calculated using Equation (5. 11) 
with 𝜎𝐸𝐾−𝑒𝑑𝑔𝑒  extracted from Figure 5- 1 in Ref [21]. As the element atomic number goes up, the 
total contribution from the K-edge width and monochromator width becomes smaller, which 
implies a better sensitivity for detecting the electron source size based on Equation (5. 2). Since, 
the total contribution is mostly dominated by the K-edge width, the bandwidth of the 
monochromator has relatively less effect. Therefore, crystals with lower reflection indices [i.e., Si 
(111)] are preferred because of the smaller Bragg angle. Table 5- 2 also shows that the reduction 
of the total width is not that dramatic when going to a higher atomic number than iodine. 
Considering that most of the BM sources have critical energies much less than 30 keV, going to a 
higher energy leads to a rapid reduction in flux as well. One should therefore choose as high an 












Table 5- 2 The angular width of the monochromator, 𝜎𝑦𝑚𝑜𝑛𝑜′ , the projected filter K-edge width, 
𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′ , and their total contribution, 𝜎𝑦𝑡𝑜𝑡𝑎𝑙













  Si (111) 
Cu 8.979 12.72 13.4 13.3 18.9 
Mo 20.000 5.674 5.8 9.2 10.8 
Ag 25.514 4.445 4.5 8.6 9.7 
I 33.169 3.418 3.5 8.0 8.7 
Ba 37.441 3.027 3.1 7.9 8.5 
  Si (220) 
Cu 8.979 21.08 10.1 22.8 24.9 
Mo 20.000 9.291 4.2 15.1 15.6 
Ag 25.514 7.270 3.3 14.1 14.5 
I 33.169 5.586 2.5 13.0 13.3 
Ba 37.441 4.947 2.2 13.0 13.1 
  Si (440) 
Cu 8.979 45.99 4.8 61.2 61.4 
Mo 20.000 18.84 1.5 31.4 31.5 
Ag 25.514 14.66 1.2 29.0 29.0 
I 33.169 11.23 0.9 26.4 26.4 




5.3.2.2 Filter concentration 
The choice of filter concentration and thickness (projected concentration) will affect the 
sensitivity and accuracy of the source size measurement. Figure 5- 6 shows the extracted (a) edge 
jumps, (b) edge profiles, and (c) source sizes calculated with different Ba filter concentrations. 
When the filter projected concentration is low (e.g., 7 mg·cm-2), the absorption edge contrast is 
low, which gives a lower intensity edge profile and higher noise level. Therefore, the extracted 
source sizes have larger uncertainties, shown as the error bar in Figure 5- 6c. On the other hand, 
when the filter projected concentration is too high (e.g., 140 mg·cm-2), the filter absorbs most of 
the light on the high energy side (negative 𝑦 value side) of the spectrum, which tends to broaden 
the fitted edge width and thus gives a larger source size. The relative fitting error is also large in 
high filter projected concentration cases. As a result, the best filter projected concentration for Ba 
is around 35 mg·cm-2. In practice, it is easy to optimize the filter projected concentration 





Figure 5- 6 Simulated barium K-edge steps (a) and K-
edge profiles (b), and the extracted source sizes (c) with 





The basic geometry of the ps-BPM system is shown in Figure 5- 1. Other than the obvious 
arrangement where the system elements must intercept the incident and diffracted beams, the only 
relevant distance is the source-to-detector distance, 𝐷, as indicated in Equations (5. 1)-(5. 4). 
The source-to-detector distance, 𝐷, must be optimized to maximize the sensitivity of the 
ps-BPM system. Simulation was carried out using the parameters described in section 2 with 
variable distances, 𝐷. The standard deviation (RMS error) of the simulated electron source size 
and position, which is a good measure of the sensitivity of the ps-BPM system, is plotted as a 
Figure 5- 7 RMS error of the simulated electron source 
position (a) and size (b) as a function of the source-to-
detector distance, 𝐷. 
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function of 𝐷 in Figure 5- 7a and 5- 7b, respectively. The sensitivity for detecting the source 
position, 𝑦, is linearly related to the choice of 𝐷 (see Figure 5- 7a). More importantly, the 
sensitivity for measuring the source size is inversely proportional to 𝐷2 (see Figure 5- 7b).  
It is therefore beneficial to reduce 𝐷 to optimize sensitivity of the ps-BPM system. Because 
of the physical space limitation in a typical beamline, a distance of 10 m would be a reasonable 
choice for existing or planned BM beamlines that are dedicated to source diagnostics. Another 
concern for a short distance is that the quadratic increase of the incident power density will increase 
the thermal deformation on the monochromator crystals, which will degrade the accuracy of the 
size and angle measurements. In that case, an aggressive cooling scheme will be required. 
5.3.4 Detector 
The determination of the unfiltered beam location and width as well as the filtered beam 
K-edge location and width relies on curve fitting to the measured 𝐼0(𝑦) and 𝑓𝑒𝑑𝑔𝑒(𝑦) profiles using 
Equations (5. 7) and (5. 8), respectively. The edge width is normally in the range of a few tens of 
microradians as shown in Table 5- 2. There must also be enough spatial resolution across the edge 
width to ensure an accurate fitting. Figure 5- 8 shows the simulated source size and divergence as 
a function of the pixel size (bin size of the histograms) with the total flux (number of rays) kept 
constant. A pixel size of a few tens of microns is adequate to ensure the accuracy of the source 
size and divergence measurements. Previous experiments [14] show that a detector with 100 μm 
pixel size is sufficient to measure third-generation synchrotron source sizes. Overall, the accuracy 




The next-generation synchrotrons have the source size and divergence one order of 
magnitude smaller. A similar study shows that a pixel size of 10 μm is expected to be sufficient 
for the APS-U source assuming perfect detectors. However, the noise level (dark noise and others) 
on the detector will affect the curve fitting results and reduce the measurement sensitivity. The 
smallest measurable size of the ps-BPM system will be limited by the flux and detector resolution 
and noise level, which needs further study. 
5.4 EXAMPLE OF A PS-BPM SYSTEM FOR APS-U 
Figure 5- 8 Extracted electron source size (a) and 
divergence (b) as a function of detector pixel size (bin 
size of the simulated histograms). 
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Based on all the above studies, an optimized configuration is proposed for the low-
emittance APS-U project. The APS-U will have 42 pm·rad natural emittance [15]. Simulations 
were performed with the source parameters at the M3 bending magnet with 𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒  = 4.9 μm and 
𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒′  = 2.8 μrad, a single-Bragg Si (111) monochromator tuned to the barium K-edge energy 
(37.441 keV), a 35 mg·cm-2 barium filter, a source-to-detector distance of 𝐷 = 10 m, and a detector 
pixel size of 10 μm. 
Using the simulation procedure described in section 1.2, the ability of the ps-BPM to 
measure the source properties was analyzed. Figure 5- 9 shows the predicted output source 
properties as a function of input values that varied relatively to their nominal values by as low as 
5%. The source position and angular position were simulated with 5×107 rays and obtained from 
Equations (5. 1) & (5. 8), and Equations (5. 3) & (5. 7), respectively. The source size and 
divergence were studied with 5×108 rays and extracted using Equations (5. 9) and (5. 10), 
respectively.  
The ps-BPM system has excellent ability to measure the source position and angular 
position as shown in Figure 5- 9a and 5- 9b. The measurement of source position and angular 
position is fast and considered real time. The source size and divergence can be extracted at the 
same time, which is one of the main features of the ps-BPM system. The sensitivity to the source 
size variation is about 10% of the nominal source size in these calculations due to the limited 
statistics. The source size measurement is the most photon hungry component of the system. In 
real measurements, increasing the acquisition time will improve the sensitivity, but with limited 
measurement speed.  
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The sensitivity of the ps-BPM system is flux driven, but non-linearly. The required flux 
level can be only estimated with the comparison of experimental and simulation results. One 
feature of Shadow ray-tracing is that rays can have fractional intensities to account for the crystal 
reflectivity and filter absorption. Therefore, a single ray can represent a large number of photons. 
From the previous studies [14], simulation with 1×107 rays gives the same sensitivity as the  
measurement of source size performed with a flux level of 1.2×1010 photons Hmrad-1 (H means 
horizontal). To achieve the sensitivity shown in Figure 5- 9c, simulation with 5×108 rays indicates 
that a flux level of 5.9×1011 photons Hmrad-1 is needed for measuring the APS-U source size. 
Figure 5- 9 Predicted output electron source position (open triangles) and angular position (closed 
triangles) from different input values of position (a) and angular position (b). Predicted output 




Considering a Si (111) Bragg crystal monochromator with no filter, this requires a minimum of 
1.5 second exposure time. 
5.5 CONLUSION 
The ps-BPM system can precisely measure electron beam source position and angle, which 
are relative to the K-edge location in the filtered side of the photon beam as well as the central 
location of the unfiltered beam. The system can also provide accurate measurements of the electron 
source size and divergence from knowledge of the K-edge width and the full photon beam width. 
The simultaneous measurement of all four source properties in the vertical plane is the unique 
feature of the ps-BPM system. In principle, the system can also be used to measure the source 
position and size in the horizontal plane, but a separate horizontally deflecting monochromator 
will be required.  
Factors that affect the sensitivity and resolution of the system include the choice of 
monochromator, K-edge filter, geometry of the system and detector. The optimized configuration 
contains low-index crystal reflections, a high energy K-edge filter, and a relatively small source-
to-detector distance. The filter element concentration must be selected to ensure enough absorption 
contrast while maintaining a reasonable transmission on the high energy side of the K-edge. 
Compared to other systems, the ps-BPM monitor has less demanding requirements on detector 
resolution, which makes it capable of high-speed measurements.  
It is also worth to point out that the ps-BPM system can measure a wide size range. The 
larger the source size, the easier (or faster) it can be measured, as long as the source size 
contribution (𝜎𝑦𝑒𝑆𝑜𝑢𝑟𝑐𝑒/𝐷) is smaller than the natural opening angle of the photon beam. 
A single crystal monochromator may generate Compton scatter at the detector location 
which reduces signal contrast. To achieve higher sensitivity the use of a two-crystal 
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monochromator should be considered. Another concern is fluorescence from the K-edge filter 
some of which may also provide background in the detector. Other considerations for a practical 
system will include mechanical stability and thermal management of the monochromator. 
Simulations validated by measurement show that the ps-BPM system is suitable for next-
generation light sources. An optimized system for the APS-U source was presented as an example 
to demonstrate the performance. The source position and angular motion can be monitored with 
high precision and in high speed. While the source size measurement is photon-hungry, which 
creates a trade-off between measurement speed and resolution. Because of the relatively simple 
configuration of the ps-BPM monitor, it can coexist and operate in parallel with other systems at 
the same beamline. 
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6.1 ABSTRACT 
Radiation-based techniques for measuring electron source sizes are widely used as emittance 
diagnostics at existing synchrotron sources. Three of these techniques, namely pinhole imaging, double-slit 
interferometry and a K-edge filter-based beam position and size monitor system, ps-BPM, are evaluated for 
measuring source sizes at low-emittance storage rings. Each technique is reviewed with a detailed system 
description, design optimization, and practical considerations targeted for small source sizes. Pinhole 
imaging has the simplest setup and gives the beam profile in both transverse dimensions but with limited 
resolution. Double-slit interferometry has the highest sensitivity but with limited detectable size range. The 
ps-BPM system shows reasonable resolution for monitoring small source sizes and divergence and can give 
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real-time information of source position and angle. New facilities may consider an integrated system that 
combines some or all of these techniques. 
6.2 INTRODUCTION 
Accurate measurements of electron source emittance [1] are increasingly gaining attention 
as new-generation synchrotron sources are being designed and built. These new machines are 
mostly based on Multi Bent Achromat (MBA) lattices [2] to achieve ultra-small emittance in the 
pm·rad level [3, 4]. As a result, improved or new diagnostic tools are desired to be able to measure 
and monitor such small emittances. 
Electron source emittance is normally obtained indirectly from the source size and/or 
divergence measurements combined with the knowledge of machine parameters [5]. The most 
commonly used methods to measure and monitor the electron source size are pinhole imaging [6-
8] and double-slit interferometry [9-11]. The pinhole imaging technique is widely used at many 
synchrotron facilities because of its focus-free feature. The double-slit interferometry method is 
based on the measurement of the transverse coherence of the photon beam. It is mostly considered 
for small source size measurement because of its high sensitivity. Recently, a phase-space beam 
position and size monitor (ps-BPM) system was developed for the full characterization of electron 
source position, angle, size and divergence [12, 13]. It was shown to have potential in measuring 
small source sizes as well [14]. In this paper, we will focus on the review of these three methods 
and discuss the general principles, insights on the optimization of each system, their advantages 
and limitations, and considerations for building practical devices. 
6.3 PINHOLE IMAGING 
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6.3.1 System description 
Pinhole imaging is the most common way of measuring the transverse profile of the 
electron source at third generation light sources [6-8]. A schematic of an x-ray pinhole imaging 
system is shown in Figure 6- 1. A typical system consists of a pinhole located at a distance of p 
downstream of the source and a detector system at a distance q downstream of the pinhole. 
The image profile recorded on the detector contains the contributions from the magnified 
source image, the point spread function (PSF) of the pinhole, and the PSF of the detector system 
[6]. Assuming all contributions are Gaussian shape functions, the Root Mean Square (RMS) size 
of each contribution can be added in quadrature. The measured RMS size of the image, Σ, is thus 
where 𝜎𝑦 is the electron source size, 𝑀 is the magnification factor (𝑀 = 𝑞/𝑝), 𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒 is the RMS 





2 , (6. 1) 
Figure 6- 1 Schematic of a pinhole imaging system. Figure a shows a 
relatively large source size and its profile on the detector in red the blue 
profile is the point spread function of the pinhole for a point source 
(shown in both a and b for reference). Figure b shows a small source 
that might be expected from an MBA type lattice. Note that the source 
size effects are comparable to the point spread function. 
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experimentally [7]. Using Equation (6. 1), the electron source size 𝜎𝑦 can be extracted from the 
measured Σ,  𝜎𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 and calculated 𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒. 
The 𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒 term can be estimated analytically as 
where 𝜎𝑔𝑒𝑜 and 𝜎𝑑𝑖𝑓𝑓 are the size contribution from the geometric projection and diffraction of the 
pinhole, respectively. 
Simplifying the discussion to one dimension, the geometric projection size of the pinhole 
(or 1-D slit) is given by [8] 
where 𝑎 is the slit width, 𝑝 and 𝑞 are the source-to-pinhole and pinhole-to-detector distances, 
respectively. 𝑥𝑔 is a constant to scale the slit width 𝑎 to an equivalent RMS value. Here we choose 
𝑥𝑔 = 1/2√3 so that 𝑥𝑔𝑎 is the RMS width of a rectangular shape with width 𝑎.  
The diffraction profile of a single slit in the far-field approximation (Fraunhofer 
approximation) can be expressed analytically as [15] 
where 𝐼0 is the peak intensity, 𝑦 is the vertical coordinate in the detector plane (see Figure 6- 1) 
and 𝜆 is the wavelength. The FWHM size of this diffraction profile is 0.886𝜆𝑞/𝑎. A factor of 
1/2.355 is used to convert the FWHM to the RMS value for a Gaussian function. The RMS 
diffraction size of a pinhole (or a slit) is then 



























 , (6. 5) 
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6.3.2 Design optimization 
The sensitivity of pinhole imaging is determined by the PSF of the pinhole and detector. 
The detector contribution needs to be as small as possible. The slit size can be optimized by 
minimizing the ratio of the pinhole PSF to the magnified source image size, 
The optimized slit size 𝑎0 can be obtained by setting the derivative of Equation (6. 6) to 
zero [6], which gives, 
Substituting Equation (6. 7) into Equation (6. 6), the minimized ratio can be obtained as 
Equation (6. 8) shows that the sensitivity of the system can be improved by choosing a short 
wavelength, small source-to-pinhole distance, and large pinhole-to-detector distance.  
The above analytical formulae based on the far-field approximation give many physical 
insights to the system and provide general design guidelines for pinhole imaging systems. Near-
field simulation is needed for obtaining accurate optimization parameters. 
The PSF of the pinhole can be calculated from near-field (Fresnel) diffraction. The 
diffraction profile of a 1-D slit at distance 𝑞 is given by [15] 
where 𝜀0(𝑦0) is the wavefield in the pinhole plane. For a point source located at a distance 𝑝 
upstream of the pinhole, the normalized wavefield is given by 
𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒
𝑀𝜎𝑦


















































2 − 𝑝)]. (6. 10) 
 
Figure 6- 2 . Normalized diffraction profiles from a 1-D slit with different 
𝑎 sizes simulated with Equations (6. 9)-(6. 11) for (a) a point source and (b) 
a Gaussian source with size 𝜎𝑦 = 4.9 µm (M3 bend magnet for the Advanced 
Photon Source upgrade source). The grayscale is linear to profile intensity 
and darker color indicates higher intensity. The calculation parameters are: 
𝜆 = 0.827 Å (photon energy, E = 15 keV), 𝑝 = 6.6 m, 𝑞 = 13.4 m. The dashed 
curves are from the ±𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒 values obtained from Equation (6. 8), the 
solid curves are from the FWHM/2.355 values of the diffraction profiles 
and the dotted curves are from the Gaussian fitted 𝜎 values. 
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With a Gaussian distribution source, the intensity profile is given as a convolution of the 
diffraction pattern with the (de)magnified source profile, 
where the ⊗ symbol represents the convolution operation. 
Examples of simulated diffraction profiles from a 1-D slit are shown in Figure 6- 2 with 
the parameters in the figure caption. To compare the analytical solution and the numerical 
calculation, Figure 6- 2 also shows the ±𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒 values extracted with different methods: (i) 
(dashed curves) from analytical formula Equation (6. 8), (ii) (solid curves) from the FWHM/2.355 
values of the Fresnel diffraction profiles calculated with Equations (6. 9 - 6. 11), and (iii) (dotted 
curves) from the Gaussian fitted 𝜎 values of the diffraction profiles. Results from analytical 
approach provide correct trends but tend to overestimate the minimum 𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒. 






Figure 6- 3 Simulated PSF of 1-D slit sizes, 𝑎0, optimized from (dashed 
curve) analytical formula Equation (6. 7), (solid curve) minimum profile 
width from the solid curve in Figure 6- 2a, (dotted curve) minimum 
Gaussian-fitted width from the dotted curve in Figure 6- 2a. 
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 Figure 6- 3 shows PSF simulated with Equations (6. 9 - 6. 11) with the optimized slit size 
determined from the three methods above. The near-field diffraction methods give smaller 𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒 
compared to the analytical approach. The minimum 𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒 is achieved when the diffraction 
profile (solid curve in Figure 6- 3) has two obvious shoulder peaks. However, the profile is far 
away from a Gaussian shape, which means an accurate PSF simulation and deconvolution is 
required in the data analysis process for extracting source sizes. The minimum Gaussian fitted 
𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒 value is a better choice for fast data-analysis and especially for real-time monitor systems. 
The minimum 𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒/(𝑀𝜎𝑦) ratios for different source sizes are shown in Figure 6- 4.  
Optimized pinhole sizes, 𝑎, to achieve minimum 𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒/(𝑀𝜎𝑦) and simulated image sizes Σ are 
summarized in Table 6- 1 for different source sizes. When the source size is small, the PSF of the 
pinhole 𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒 is much larger than the magnified source image size 𝑀𝜎𝑦. Therefore, the pinhole 
imaging technique is normally considered not appropriate for small source size (<10 µm) 
Figure 6- 4 Minimum 𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒/(𝑀𝜎𝑦) for different source sizes 𝜎𝑦 
obtained from three methods, see text for details. The dot-dash line 
indicates 𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒/(𝑀𝜎𝑦) = 1 
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measurements. Table 6- 1 also shows that the optimized pinhole size 𝑎 does not vary much for 
different source sizes. 
Table 6-  1 Optimized pinhole sizes, 𝑎, to achieve minimum 𝜎𝑝𝑖𝑛ℎ𝑜𝑙𝑒/(𝑀𝜎𝑦) and simulated image 
sizes, Σ, from the three methods for different source sizes, 𝜎𝑦. 
 
𝝈𝒚 (µm) 𝑴𝝈𝒚  (µm) 𝒂 (µm) 𝚺 (µm) 𝒂 (µm) 𝚺 (µm) 𝒂 (µm) 𝚺 (µm) 
  Analytical Simulated profiles Gaussian fitted  
0 0 21.8 27.0 32.9 15.1 27.3 17.2 
2 4 21.8 27.3 31.3 15.9 27.3 18.0 
4.9 9.8 21.8 28.8 28.9 19.3 25.7 21.2 
10 20 21.8 33.8 24.9 28.0 23.3 29.7 
20 40 21.8 48.8 22.5 47.2 22.5 48.5 
50 100 21.8 105.0 24.9 106.8 25.7 107.5 
 
Another main contribution to the instrument sensitivity is the PSF of the detector system, 
which has been studied previously [6, 7]. The PSF of the detector is normally measured with a 
sharp edge absorber. In principle, the detector contribution needs to be as low as possible to be 
comparable or smaller than 𝑀𝜎𝑦. 
6.4 DOUBLE-SLIT INTERFEROMETRY 
6.4.1 System description 
The use of double-slit interferometry to measure the beam size in particle accelerators was 
first developed by Mitsuhashi at KEK in Japan [9]. Since then, this system has been used at many 
synchrotron facilities as a way to measure the electron beam sizes [10, 11, 16–21]. This system is 
mostly implemented in the visible light regime (wavelength of 400-600 nm) at third generation 
light sources because of (i) the availability of high-quality visible light optics and (ii) a relatively 
large coherence length of the visible light. Figure 6- 5 shows the basic elements of a double-slit 
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interferometer which consists of two narrow slits located at a distance of 𝑝 downstream of the 
source and a detector system to measure the interference pattern at a distance 𝑞 downstream of the 
double-slits. 
A practical visible light interferometer may contain more elements including beam 
extraction mirrors, focusing optics to reach the far-field condition, a polarizer to select one 
polarization, and a band-pass filter to obtain quasi-monochromatic radiation. The resolution of 
such a system highly relies on the quality of the optical components and the noise in the system. 
The main concern of the interferometer is the distortion of the wavefront due to aberration caused 
by the optics. Another limitation of the system is the distortion due to mechanical vibration and 
air fluctuations. The electron beam oscillation can also distort the interferogram, and therefore fast 
detection is needed for accurate measurements.  
Recently, for use in new generation facilities with ultra-small source sizes, new systems 
have been proposed and tested in x-ray regime (~0.1 nm wavelengths) [22]. For x-ray 
interferometers, the expected resolution is much higher (~ sub-micron).  The setup is relatively 
simple and doesn’t require as many optical components. At the shorter wavelength, smaller slit 
Figure 6- 5 Schematic of a double-slit interferometry system. 
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size and slit separation are needed. For a typical hard x-ray fourth-generation synchrotron source, 
the electron beam size can be as low as a few microns.  
The double-slit interference, for an extended source, can be described with an analytical 
intensity formula within the far-field (Fraunhofer) approximation at a wavelength 𝜆 as [15], 
where 𝑎 is the slit width, 𝑑 is the separation between the two slits, and 𝑉 is the complex degree of 
coherence. Equation (6. 12) assumes the amplitudes of the wavefield passing through the two slits 
are equal. 
The van Cittert-Zernike theorem [23] states that, for an incoherent source, the complex 
degree of coherence at a distance from the source, can be expressed as a Fourier transform of the 
spatial intensity distribution of the source. For a source with a spatially Gaussian distribution, the 
degree of coherence is also a Gaussian function given by, 
Experimentally, 𝑉 is visibility of the double-slit interference pattern and can be measured 
as, 
where 𝐼min and 𝐼max are the minimum and maximum intensities of the interference pattern in the 
vicinity of the interferogram center. It should be noted that 0≤ 𝑉 ≤1. 
Based on Equation (6. 13). the source size can be extracted from a single-point 





𝑦) [1 + 𝑉 cos (
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𝑦)] , (6. 12) 























6.4.2 Design optimization 
The sensitivity of the double-slit interferometer relies on the statistical error 𝑑𝑉 in 
measuring fringe visibility. The relative size error, 𝑑𝜎𝑦/𝜎𝑦, can be derived from Equation (6. 15) 
as, 
Note that the relative size error is only a function of visibility. For a visibility error of 𝑑𝑉 = 0.01, 
the 𝑉 dependent size error is plotted in Figure 6- 6. 
To have a 5% or better sensitivity of source size measurement, or 𝑑𝜎𝑦/𝜎𝑦<0.05, the 
visibility range of the system needs to be in the range of 0.028<𝑉<0.894 (see Figure 6- 6) with the 















 . (6. 16) 
Figure 6- 6 Relative size measurement error as a function of fringe 
visibility 𝑉 for a 0.01 visibility uncertainty. The region between the 
vertical dotted lines is the visibility range that gives 𝑑𝜎𝑦/𝜎𝑦<0.05. 
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), respectively. The 
optimized detectable source size is obtained from Equation (6. 15) with 𝑉 = 0.368 to be  
Figure 6- 7 shows the detectable source size range with 2% sensitivity as a function of slit 
separation 𝑑. It also provides a guideline for choosing the slit separation for the desired source size 
range. For a vertical source size of 4.9 µm (M3 bend magnet for the Advanced Photon Source 





 . (6. 17) 
Figure 6- 7 Detectable source size range (gray area) as a function of 
slit separation 𝑑 for a 0.01 visibility uncertainty. The solid curve 
shows the optimized detectable source size given by Equation (6. 




Figure 6- 8 Simulated double-slit interference profiles using 
(solid curves) far-field formula Equation (6. 12) and (dotted) 
near-field (Fresnel) calculation with different slit widths 𝑎 = (a) 
2.5 μm, (b) 5.0 μm, and (c) 10 μm. The other calculation 
parameters are: 𝜆 = 0.827 Å (𝐸 = 15 keV), 𝑝 = 6.6 m, 𝑞 = 13.4 
m, 𝜎𝑦 = 4.9 μm and 𝑑 = 25 μm. Figure shows the failure of the 
far-field approximation for large slit width, 𝑎. 
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The choice of the slit width can be estimated from the far-field interference profile in 
Equation (6. 12). The peak width of the envelope function is given by the sinc function while the 
period of the interference pattern is defined by the cos function in Equation (6. 12). The size of 
each single slit needs to be small enough so that there are enough double-slit interference peaks 
within the central envelope peak. When the slit width is large (𝑎>𝑑/5), the far-field approximation 
starts to fail which causes further complications. Figure 6- 8 compares simulated double-slit 
interference profiles by Equation (6. 12) and by near-field (Fresnel) with different slit widths. A 
slit width of 𝑎 = 𝑑/5 is adequate for most cases.  
Double-slit interferometry methods require a monochromatic photon beam. The choice of 
photon energy is flux driven. For a desired source size measurement, the optimized condition based 
on Equation (6. 17) requires that (𝜆𝑝 𝑑⁄ ) or (𝑝/𝐸𝑑) is a constant. Since slit width, 𝑎, is 
proportional to 𝑑, then 𝑝/𝐸𝑎 is a constant. The total transmitted flux through a fixed size double-
slit is proportional to slit width, 𝑎, and inversely proportional to 𝑝2. Therefore, the total flux is 
proportional to 𝑎/𝑝2 or 1/𝐸𝑝. Considering that most of the scintillator detectors have linear 
response in energy, the overall response on the detector is proportional to 1/𝑝. Thus, the energy 
choice only depends on the flux spectrum of the BM radiation. Also, the source-to-slit distance 𝑝 
needs to be minimized to maximize the flux. On the other hand, smaller 𝑝 and 𝜆 implies smaller 𝑑 
and 𝑎, which makes slit manufacturing difficult.  
In summary, an energy should be chosen to optimize the flux, from there an optimized slit 
separation and size are chosen based on the source size, then 𝑝 needs to be as small as practically 
possible.   
Detector resolution is also important for the double-slit interference method. Effects of 
detector resolution (𝜎𝑑𝑒𝑡 of a Gaussian PSF) on the interference pattern is shown in Figure 6- 9. 
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The detector resolution needs to be high enough to maintain the high visibility, and the detector 
PSF needs to be measured accurately to extract correct source sizes. The blurring effect of a 
detector is also determined by the peak separation in the interference pattern. Peak separation is 
the period of the cos function in Equation (6. 12), given by 𝜆𝑞/𝑑. Since 𝜆/𝑑 is predetermined from 
the desired source size by Equation (6. 17), the only way to reduce the detector blurring is to 
increase the slit-to-detector distance 𝑞. However, increasing 𝑞 will reduce the flux density on the 
detector.  
6.4.3 𝛑-polarization with diffraction obstacle 
The original π-polarization method is based on measuring the image of the π-polarized 
UV-vis light [24, 25]. The filament-beam-spread-function (FBSF) of the π-polarized UV-vis light 
has an on-axis zero intensity minimum. The recorded image at the detector is a convolution of the 
Figure 6- 9 Simulated double-slit interference profiles using near-field (Fresnel) 
calculation with different detector resolutions, 𝜎𝑑𝑒𝑡 of a Gaussian PSF of 0 μm 
(solid curve), 5.0 μm (dashed curve), and 10 μm (dotted curve). Other parameters 
are: 𝜆 = 0.827 Å (𝐸 = 15 keV), 𝑝 = 6.6 m, 𝑞 = 13.4 m, 𝜎𝑦 = 4.9 μm, 𝑑 = 25 μm. 
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FBSF and the electron source distribution, and thus has a blurred non-zero on-axis minimum. The 
electron source size can be extracted from the measured on-axis minimum when compared to pre-
calculated values. The electron source profile can be obtained by deconvoluting the FBSF from 
the measured beam image. The π-polarization method relies heavily on the accuracy of the FBSF 
model. All existing systems use the Synchrotron Radiation Workshop (SRW) [26] as the backbone 
simulation software. 
To improve the sensitivity of the π-polarization method, diffraction obstacles with different 
sizes can be introduced to block the central part of the photon beam [27, 28]. This so-called 
“obstacle diffractometer” is a variation of the double-slit interferometer. The method expects to 
have advantages over the traditional double-slit interferometry because of the higher acceptance 
angle and higher flux on the detector. The smallest electron beam size measured by the obstacle 
diffractometer was reported to be 3 µm with less than 10% RMS error [27]. 
6.5 PS-BPM SYSTEM 
6.5.1 System description 
The ps-BPM system was recently developed at the Canadian Light Source [12, 13]. The 
unique feature of the system is its ability to measure simultaneously four properties of the electron 
source: position, angle, size and divergence in the vertical direction. Apart from its main 
application as a beam position monitor, the ps-BPM system was predicted to be able to measure 
source sizes of a few microns [14].  
The ps-BPM system contains a crystal monochromator, a K-edge filter and a detector. The 
monochromator is tuned to the K-edge energy of a filter and provides an energy dispersed photon 
beam across the vertical opening angle of the bend magnet radiation. This energy dispersion is 
spatially mapped on the detector. The measured K-edge width, 𝜎𝑒𝑑𝑔𝑒, on the detector contains 
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contributions from the natural energy width of the K-edge [29, 30] projected to an angular 
width, 𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′ , the angular bandwidth of the monochromator crystal [31], 𝜎𝑦𝑚𝑜𝑛𝑜′ , and the 
electron source size, 𝜎𝑦. Assuming all contributions are Gaussian shape functions, the electron 
source size can be obtained by  
where 𝐷 is the source-to-detector distance. The electron source divergence, 𝜎𝑦′, can be extracted 
from the measured full vertical beam width, 𝜎𝑏𝑒𝑎𝑚, without the filter by, 
where 𝜎𝑦𝑝ℎ
′  is the natural opening angle of the photon beam [32]. 
6.5.2 Design optimization 
The optimization of the ps-BPM system for measuring source size was studied previously 
[14] by investigating different monochromator crystal reflections and monochromator geometries, 
K-edge filter energies and concentrations, source-to-detector distances, and detector parameters. 
The key results are summarized here to provide a full picture, followed by detailed studies on 
anticipated signal-to-noise ratio (SNR) to help guide choices for a practical system. 
 For the monochromator, the Bragg case geometry (reflection) was selected due to its 
higher reflectivity and thus higher flux over the Laue case geometry (transmission), although more 
effort must be done on thermal mechanical design and stability of the monochromator. Also, the 
scatter from the monochromator will depend on the geometry which should be considered as it 
may affect the system SNR. 
𝜎𝑦 = √𝜎𝑒𝑑𝑔𝑒
2 − (𝐷𝜎𝑦𝐾−𝑒𝑑𝑔𝑒












The choice of low-indices crystal reflections (i.e. Si (1,1,1)) and elements with higher K-
edge energy (e.g., barium K-edge at 37.441 keV) as filter will improve the sensitivity of the system 
by reducing the total contribution of the crystal bandwidth, 𝐷𝜎𝑦𝑚𝑜𝑛𝑜′ , and filter edge width, 
𝐷𝜎𝑦𝐾−𝑒𝑑𝑔𝑒
′ , in Equation (6. 18). This will define the Gaussian width, 𝜎𝐼𝑅𝐹, of the instrument 
resolution function (IRF), 𝑓𝐼𝑅𝐹(𝑦), of the system as the combination of the spatial width associated 
with the monochromator dispersion and the K-edge width, 
Based on Equations (6. 20), the sensitivity of the system to measure the source size will 
improve as a function of 1/𝐷2, thus, a small source-to-detector distance is preferred. A distance 
of 𝐷 = 10 m is a practical choice given the limitations of storage ring design and a beamline for 
ps-BPM measurements. 
With the prior considerations regarding choices of layout and optics, ultimately the 
sensitivity of the ps-BPM system will rely on photon flux and noise level (SNR) which will now 
be considered. 
 A simplified model is described below to study the SNR requirement for measuring 
different source sizes. A Gaussian function is generated to represent the normalized beam profile 
with 
where 𝑦 is the vertical position in the detector plane with  𝜎𝑏𝑒𝑎𝑚 being the Gaussian width of the 
beam profile on the detector. The filtered beam profile is obtained from multiplying 𝐼𝑏𝑒𝑎𝑚 by the 
transmission function of the filter 
















where 𝜇 𝜌⁄ (𝐸) is the mass attenuation coefficient as a function photon energy 𝐸 around the K-
edge energy 𝐸𝑘 of the filter, 𝜌 is the concentration and 𝑡 is the thickness of the filter. Because of 
the dispersion effects of the crystal, 𝜇 𝜌⁄ (𝐸) can be projected into a function of 𝑦 through 
where 𝜃𝐵 is the Bragg angle of the monochromator crystal. The 𝜇 𝜌⁄ (𝑦) function is related to the 
measured edge profile function 𝑓𝑒𝑑𝑔𝑒(𝑦) through  
The edge profile 𝑓𝑒𝑑𝑔𝑒(𝑦) is a convolution of the IRF, 𝑓𝐼𝑅𝐹(𝑦), and the electron source 
profile. The widths of these profiles follow the relationship described by Equation (6. 18) assuming 
all are Gaussian functions, or 
where 𝐴 is a scaling parameter to match the edge jump of 𝜇 𝜌⁄ (𝐸) above and below the K-edge 
energy for a selected filter element and filter thickness.  
The sensitivity of the source size measurement is then carried out by adding noise to the 
calculated beam profiles (see Figure 6- 10a). The ideal beam profile 𝐼𝑏𝑒𝑎𝑚(𝑦) (see solid line in 
Figure 6- 10a) is generated with Equation (6. 21) directly. The Gaussian edge profile is first 
generated with Equation (6. 25), integrated to give the 𝜇 𝜌⁄ (𝑦) function using Equation (6. 24), 
and then substituted into Equation (6. 22) to form the ideal filtered profile 𝐼𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑(𝑦) (see dotted 
line in Figure 6- 10a). Note that the step size in 𝑦 for all these profiles is chosen to represent the 











𝑦, (6. 23) 
𝑓𝑒𝑑𝑔𝑒(𝑦) =
























Taking the M3 bend magnet source planned for the Advanced Photon Source upgrade [4] 
as an example, the nominal source parameters are 𝜎𝑦 = 4.9 µm, 𝜎𝑦
′  = 2.8 µrad, and 𝜎𝑦𝑃ℎ
′ = 36.1 
µrad. The width of the IRF for a Si (1,1,1) Bragg single-crystal monochromator at the barium K-
edge (𝐸𝑘 = 37.441 keV) is  𝜎𝐼𝑅𝐹 = 85 µm at a source-to-detector distance 𝐷 = 10 m [14]. 
Figure 6- 10 (a) Calculated beam profiles 𝐼𝑏𝑒𝑎𝑚(𝑦) (solid curve) and 
𝐼𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑(𝑦) (dotted curve) using Equations. (6. 21) and (6. 24), 
respectively, with 𝜎𝑦 = 4.9 µm, 𝜎𝑦
′  = 2.8 µrad, 𝜎𝑦𝑃ℎ
′ =36.1 µrad, 𝜎𝐷 = 10 
µm, and 𝜎𝐼𝑅𝐹 = 85 µm. (b) Extracted edge profiles 𝑓𝑒𝑑𝑔𝑒(𝑦) with (dotted 
curves) and without (solid curves) added noise to the beam profiles in (a) 
following Equation (6. 24). 
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If there is no noise added to the data, the edge profile can be extracted based on Equation 
(6. 24) and shown as solid curve in Figure 6- 10b. When a Gaussian random noise with a sigma 
size of 1/SNR is added to both filtered and unfiltered beam profiles, the extracted edge profile is 
shown as dotted curve in Figure 6- 10b. The fitted Gaussian width, 𝜎𝑒𝑑𝑔𝑒, of the extracted edge 
profile from data with added noise is then used to extract the electron source size, 𝜎𝑦, using 
Equation (6.18).  
The extracted 𝜎𝑦 values are evaluated with different input 𝜎𝑦 values, detector pixel sizes 
𝜎𝐷 and SNR values. The goal is to find the minimum required SNR to ensure a source size 
measurement sensitivity <5% of the source size. The standard deviation of 1000 independently 
extracted 𝜎𝑦 values is used as a measure of the sensitivity.  
Figure 6- 11a shows the required SNR to measure different source sizes (1.25 µm, 2.5 µm, 
5 µm, 10 µm, 20 µm, 40 µm and 80 µm) with 5% sensitivity. To be able to measure a source size 
of 5 µm, a SNR of 4×104 is needed. The required SNR is proportional to 1/𝜎𝑦
2 and almost 
independent of detector pixel size.  
On the other hand, Figure 6- 11b shows that the extracted source size tends to be larger 
than the real value and increases as the detector pixel size increases. A pixel size comparable to 
source size 𝜎𝑦 is enough to provide adequate accuracy for source sizes as low as 5 µm. In practice, 
the pixel size can be even larger considering that the IRF can be calibrated to include effects of the 
detector pixel size. The IRF can be obtained either from a single measurement with a known source 
size, or from a series of measurements by varying relative source sizes in a known ratio as shown 
in [13]. Also, the IRF can be obtained by comparing with other measurement methods (e.g., 
pinhole imaging and double-slit interferometry).  
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The measurement noise of the ps-BPM system is determined by three main factors: dark 
noise of the detector, Compton scattering [33, 34] from the monochromator crystals and 
fluorescence from the K-edge filter.  
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Dark noise of the detector determines the highest SNR of a single image in the absence of 
other noise sources. A good scientific Complementary Metal–Oxide–Semiconductor (sCMOS) 
camera can have a maximum dynamical range of a few tens of thousands [35].  
The Compton scattering from the monochromator crystal depends on the crystal geometry, 
energy, angle, distances and the spectral content of the incident synchrotron photon beam. 
Figure 6- 11 (a) Required SNR to measure different source sizes with 5% 
precision, and (b) the extracted electron source sizes for different input size 
values, 𝜎𝑦, and detector pixel sizes, 𝜎𝐷. 
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Calculations of the Compton scattering will be compared against the signal which will be either 
the monochromatic beam or filtered beam values. Figure 6- 12 shows the ratio of the signal to the 
Compton background noise (SNR) with either a single Bragg or a single Laue monochromator 
geometry with different source-to-crystal distances at a fixed source to the detector distance (10 
m). The Bragg geometry shows much higher SNR comparing to the Laue geometry at the 
minimum source to monochromator possible distance for APS-U (6.6 m) with the Bragg SNR 
~6700 and Laue SNR ~130. Clearly the Bragg geometry is preferred for a single crystal 
monochromator. This ratio of SNR is preserved for the edge side (Bragg SNR ~2800, Laue SNR 
~50), but is reduced due to the filter absorption.  The fluorescence from K-edge filter is another 
Figure 6- 12 Calculated Compton scatter SNR as a function of source-to-
monochromator distance with a fixed source-to-detector distance for a single Bragg 
(solid curves) and a single Laue Si (1,1,1) monochromator (dashed curves).  The 
blue curves are for the unfiltered beam and the red curves are for the filtered beam. 
Calculations are performed with storage ring energy, 𝐸𝑟𝑖𝑛𝑔 = 6.0 GeV, storage ring 
current 𝐼𝑟𝑖𝑛𝑔 = 0.2 A, and the bend magnet field  𝐵0 = 0.657 T. 
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potential source of background noise, however the estimation of its contribution was found to be 
insignificant.  
In order to further reduce the Compton scatter background, a double-Bragg or a Laue-
Bragg crystal type monochromator may be used as it removes the line of sight between the detector 
and the first crystal which intercepts the entire photon beam and is the major source of scattering.  
The first crystal in a double-crystal monochromator being a Laue case has the advantage of simpler 
heat load management, which can reduce measurement errors caused by thermal deformation and 
drift. 
The ps-BPM measures the vertical beam profile over a large horizontal BM fan. By 
summing up profiles over 𝑁ℎ pixels in the horizontal direction, the SNR of the vertical profile 
measurement can be improved by a factor of √𝑁ℎ assuming the horizontal beam is uniform. By 
averaging over 𝑁𝑖 images, the SNR can be further improved to a factor of √𝑁ℎ𝑁𝑖. For example, 
from Figure 6- 11 the required SNR for measuring a 1.25 μm source size is approximately 6×105. 
The Compton SNR will need to be improved by a factor of √𝑁ℎ𝑁𝑖=90 for a single Bragg 
monochromator (SNR ~6700). Assuming 𝑁ℎ is 1000 horizontal pixels, then 𝑁𝑖 ~8 measurements 
are needed to achieve the required SNR of 6×105.  
6.6 Conclusion 
Three radiation-based methods of measuring electron source size were studied in this work. 
The optimization of each method was discussed in detail for measuring small source sizes at low-
emittance synchrotron light sources. 
A direct comparison of these methods is difficult since each of them has its specific 
advantages and limitations and can provide complementary information about the source.  
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The pinhole imaging technique has the simplest setup and is free from optical aberration. 
The size measurement sensitivity relies heavily on the accurate modeling of the shape of the 
pinhole PSF and requires a high-resolution detector system. The pinhole imaging technique is 
compatible with white beam and thus can provide relatively fast measurements. 
The double-slit interferometry technique has the highest sensitivity using x-rays. However, 
the detectable size range for a fixed slit separation is highly limited, especially for measuring 
smaller source sizes. A system with multiple or tuneable slit separations will be needed to cover a 
large measurable range.  
Both pinhole imaging and double-slit interferometry methods require the accurate near-
field modeling of the PSF of the system. Also, the detector PSF plays very important role in both 
methods. 
 The ps-BPM system is unique in terms of providing source information on position, angle, 
size and divergence simultaneously. Its source size measurement sensitivity is determined by the 
signal-to-noise ratio which requires careful system optimization to reduce scattering background. 
The ps-BPM system doesn’t require a high-resolution detector and the knowledge of the detector 
PSF is not required. A Gaussian IRF model for the monochromator and K-edge contributions is 
adequate for data analysis.  
At planned low-emittance storage rings, at least a dedicated BM beamline for beam 
diagnostic is a must. A combination of all three techniques will be ideal to provide full 
characterization of the source. The pinhole imaging technique gives real-time monitoring of source 
profile in both transverse directions. The double-slit interferometry can be used in either direction 
and can provide accurate source size measurement and calibration for pinhole imaging and the ps-
BPM system. The ps-BPM system monitors all four parameters of the source in the vertical 
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direction. A separate horizontal deflecting monochromator can be used to measure the horizontal 
source position and size. 
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CONCLUSION AND FUTURE WORK  
7.1 CONCLUSION 
This thesis detailed a phase-space beam position and angle monitor system and further 
explored its ability to measure electron source size and divergence. The applications, 
optimizations, and design considerations of the ps-BPM system were studied. 
A theoretical model and data analysis protocol were developed to extract electron source 
size and divergence from measured widths of unfiltered beam and K-edge filtered beam. The 
electron source size can be obtained by subtracting the monochromator bandwidth and natural K-
edge width from the measured K-edge width in quadrature. The source divergence can be extracted 
consequently from the measured unfiltered beam width, the calculated natural opening angle of 
the photon beam, and the electron source size, by quadrature subtraction. Experimental results of 
the ps-BPM measurements were carried out at the CLS BMIT-BM beamline and compared with 
pinhole-based measurements.  The physical model of the ps-BPM system was also validated by 
ray-tracing simulation (objectives 1 & 2).  
Up to this point, a full physical model has been developed for the ps-BPM system, which 
has the unique feature of characterizing electron source properties (position, angle, size and 
divergence) in one set of measurements. Succeeding studies showed real applications of the ps-
BPM system in monitoring beam motions and size variations during normal operations and other 
machine conditions. The combination of analysis in both time and frequency domain can provide 
even more information about the source and beamline optics (objective 3). 
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The optimization of the ps-BPM system was carried out aiming to measure ultra-small 
source sizes (a few microns) at the planned and built low-emittance light sources. Factors 
considered include the choice of monochromator geometry, crystal reflection, K-edge filter 
energy, filter concentration, and geometry of the system layout. An optimized system validated by 
simulations showed that the ps-BPM system is able to detect the APS-U source size with a few 
percent sensitivity, thus it is suitable for next-generation light sources (objective 4).  
Finally, detailed overviews were given on three techniques for measuring small electron 
source sizes. The optimization of the pinhole imaging technique, double-slit interferometry method 
and ps-BPM system were discussed along with their advantages and limitations. The sensitivity of 
the ps-BPM system was shown to be driven by the signal-to-noise ratio. The effects of detector 
dark noise and Compton scattering background were studied to provide guidelines for practical 
design of the system. A combination of multiple techniques was suggested for planned low-
emittance light sources towards the full characterization of the electron source (objective 5). 
Over the course of this work, it has become increasingly clear that this system can play a 
major role in assessing the performance of the new generation synchrotron sources such as those 
employing the MBA high brightness lattices. This is reinforced by the strong collaboration with 
APS-U (Dr. Xianbo Shi) and interest from other facilities. 
7.2 FUTURE WORK 
The ability of the ps-BPM system to measure small source sizes (less than 10 micron) needs 
to be verified experimentally at a synchrotron BM beamline. The sensitivity of the system needs 
to be studied and optimized to ensure less than 5% measurement uncertainty. 
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For absolute measurements the instrument resolution function of the ps-BPM system needs 
to be calibrated experimentally either by comparing to other known methods or by measurements 
with known source sizes or source size changes. 
The tolerance of the system needs to be studied experimentally or modeled in terms of 
optical mechanical and thermal stabilities. The temperature effects on the monochromator will 
alter the d-spacing and move the K-edge energy and thus will create a false positive beam motion 
effect of the electron source. 
The dynamic range of the system needs to be considered in the modeling process to define 
the useful range of position, angle, source size and divergence changes. The limits for measuring 
the source position and angle has to be considered in a phase space sense to account for 
combinations of the beam motion (position and angle). 
Other ways of monitoring beam position should be considered. Because of the step-
function nature of the edge, it may be possible to measure the beam position by measuring just the 
entire intensity of the beam on the K-edge side of the data. Similarly, the position and angle on the 
beam side could be determined by looking at the intensity variations from top and bottom halves 
of the beam. Between these three measurements it should be possible to simply calculate the beam 
position and angle independently and in real-time. 
The use of a crystal monochromator to select the energy around the K-edge will also suffer 
from the possible selection of harmonic energies which are multiples of the fundamental energy. 
This energy contamination of the beam will affect the sensitivity and accuracy of the system also 
needs to be considered in the modeling process. This was considered in this work which led to the 
choice of energies that were well above the critical energy of the bend magnet to avoid harmonic 
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contamination in the data. However, no calculation or modeling has been done to include the 
effects of harmonics thus far. 
One of the original potential applications of the ps-BPM was to look at the possibility of 
using the beam position and angle information to correct experimental data at the beamline if beam 
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Synopsis A system has been developed to measure the vertical position and angle of the 
electron beam at a single location from a synchrotron source.  The system uses a monochromator 






The stability of the photon beam position on synchrotron beamlines is critical for most if 
not all synchrotron radiation experiments.  The position of the beam at the experiment or optical 
element location is set by the position and angle of the electron beam source as it traverses the 
magnetic field of the bend magnet or insertion device.  Thus an ideal photon beam monitor would 
be able to simultaneously measure the photon beam’s position and angle, and thus infer the electron 
beam’s position in phase space. 
X-ray diffraction is commonly used to prepare monochromatic beams on x-ray beamlines 
usually in the form of a double crystal monochromator.  Diffraction couples the photon wavelength 
or energy to the incident angle on the lattice planes within the crystal.  The beam from such a 
monochromator will contain a spread of energies due to the vertical divergence of the photon beam 
from the source.  This range of energies can easily cover the absorption edge of a filter element 
such as iodine at 33.17 keV. A vertical profile measurement with and without the filter can be used 
to determine the vertical angle and position of the photon beam.  In these measurements an imaging 
detector measures these vertical profiles with an iodine filter that horizontally covers part of the 
monochromatic beam.   
The goal was to investigate the use of this combined monochromator, filter and detector as 
a phase space beam position monitor.  The system was tested for sensitivity to position and angle 
under a number of synchrotron operating conditions, such as normal operations and special 
operating modes where the beam is intentionally altered in position and angle.  The results are 
comparable to other methods of beam position measurements and indicate that such a system is 
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feasible in situations where part of the white synchrotron beam can be used for the phase space 
measurement. 
A.2 INTRODUCTION 
The trajectory of a photon beam can be determined if both the position and angle can be 
found at some point along the propagation direction.  From knowledge of this beam’s position and 
angle or its position in phase space, it is possible to transform back to the source and determine 
the source coordinates in phase space if the optics in the intervening locations and their effects are 
known. 
This paper describes a method to simultaneously measure the photon beam position and 
angle at one location.  This system was developed at the Canadian Light Source (CLS) on the 
Biomedical Imaging and Therapy (BMIT) bend magnet beamline 05B1-1 (BM). 
The CLS is a third generation synchrotron facility with a low electron beam emittance (x 
= 18 nm-rad, y = 0.10 nm-rad).  Beam instability, be it electron or photon beam, can be a concern 
especially to the third generation facilities.  It has adverse effects on the required low electron 
beam emittance, effective brilliance of the synchrotron radiation, and experiments performed at 
the experimental stations [1-4].  The causes of beam instability and the methods of reduction have 
been widely studied [5-8], and the drive to ensure and maintain a steady beam has led to the 
development of different types of beam monitors [9-23].   
Photon beam position and angle instabilities at experimental stations are attributed to 
fluctuations of stored electron beam orbit and vibrational and thermal distortion of beamline 
optical components.  The usual target for stability in the vertical plane is 10 % of the beam size in 
position and angle [8].  Most of the available photon beam monitors are sensitive to the beam 
position only, and hence the name photon beam-position monitors (PBPM).  However, the 
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measured beam position is determined by both the source position and angle.  A single PBPM does 
not provide independent information about the photon beam source position and angle [18, 24].  
The photon beam angle needs to be monitored to account for the negative effects of beam angle 
instability [18, 25-27].  The use of two photon PBPMs is common, when the position and angle of 
a photon beam is to be measured [18, 22, 23]. 
At the CLS, beam instabilities are monitored by two diagnostic beamlines - the Optical 
Synchrotron Radiation (OSR) and the X-ray Synchrotron Radiation (XSR) beamlines [28].  Most 
beamlines at the CLS have provision for some type of PBPMs, but few are actually implemented 
or used.  These monitors are of the type that measure only the photon beam position at some 
location in the beamline. 
As with almost all synchrotron experiments imaging is affected by photon beam motion.  
One of the imaging methods used at BMIT beamline is K-edge subtraction using an iodine contrast 
element with a beam prepared by a bent Laue monochromator.  Measurements made with this 
system during a period of electron beam instability gave the idea that we can measure the photon 
beam position and angle or from it infer the electron beam’s position in phase space. 
We present a method for measuring the position and angle of a photon beam 
simultaneously – a phase space – Beam Position Monitor (ps-BPM).  The method relies on the 
energy dispersive properties of flat crystals and makes use of the absorption edge of a filter in the 
photon beam path to determine a specific energy or angle of the photon beam.  This, coupled with 




A.2.1 Synchrotron Radiation  
The single electron vertical photon emission distribution is properly described by a 
modified Bessel function of the second kind [29]; however, this distribution is well modelled as a 
Gaussian function.  This vertical angular distribution mostly falls within a 1/ range in the X-ray 
where  is the electron beam energy divided by the electron rest mass (=5675 for the CLS).  The 
electron beam size and vertical angle distribution can also be described as a Gaussian function.  
Therefore, the bend magnet synchrotron beam has a vertical distribution that is nearly Gaussian.  
A measured comparison of the vertical distribution of the beam on the CLS BMIT bend magnet 
Figure A- 1 Nearly Gaussian vertical beam profile as measured on the CLS 
BMIT bend magnet beamline. The picture at the top is an image of the 
beam. The plot at the bottom shows the measured beam profile from that 
image (blue) and a Gaussian fit (red dash). The red dotted line identifies 
the center. The red text gives the least squares Gaussian fitting parameters. 
The vertical scale is in pixel units (100 micron pixel size). The calculated 
beam profile is shown as the black dashed line. 
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beamline is shown in Figure A- 1 at 33.17 keV.  As measured some distance from the source, the 
vertical angle or position motion of the electron source will move this distribution vertically.  
Because the measurement distance from source can be tens of meters, the angle affects are 
amplified.  For example, the profile measured in Figure A- 1 is at 26 m from the electron beam 
source.  In this figure the blue line is the measured profile from the image at the top of the figure.  
The red dashed line is a Gaussian fit to that profile.   
The fact that the red dashed line is hard to see indicates how closely the Gaussian fit is to 
the actual beam profile.  The black dashed line is a calculated profile from the modified Bessel 
function [29] for the actual conditions of the measurement [CLS Bend Magnet (2.9 GeV & 1.354 
T) at 26 m from the source with 100 μm pixels and 33.17 keV photon energy]. 
A.2.2 Double Crystal Monochromator at an Absorption Edge 
Diffraction of x-rays in crystals can be thought of as arising from constructive interference 
from reflections at lattice planes as described by Bragg’s law,  
𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃, (A. 1) 
 
where λ is the wavelength of the diffracted beam, θ  is the angle between the incident beam and 
lattice planes, dhkl (called the d-spacing) is the spacing between the (h,k,l) lattice planes. 
For an x-ray synchrotron beamline, usually a pair of parallel crystals is used – one to 
monochromatize the incident beam and one to diffract that beam back parallel to the incident beam.  
With a coordinated motion of the two crystals, a range of energies can be chosen while keeping 
the monochromatic beam from the second crystal in the same location which is very useful for 
much of the research being done.  Additionally, the near unit reflectivity of the perfect crystals 
often used means there is little intensity loss from the pair.  This arrangement is commonly called 
a double crystal monochromator (DCM) [30]. 
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When a DCM is tuned to an energy some of the beam will be above and some below the 
mean energy , for example, the K- edge energy of an element, some of the transmitted beam will 
be above and some below the mean energy due to the dispersion properties of the crystals.  This 
range of energies arises from the range of incident photon beam angles onto the lattice planes of 
the crystal and/or the energy bandwidth of the crystal and the reflection used.  The range of 
energies due to angular divergence onto the planes is easily calculated using Bragg’s law based on 
the monochromator reflection used and the angular size of the beam passed through the system.  
A schematic of a DCM arrangement is shown in Figure A- 2. 
Figure A- 2 Schematic of the system used at BMIT bend magnet 
beamline. (a) Plan view of the double crystal monochromator (DCM), 
contrast material and detector. (b) Elevation view of the non-contrast 
or beam side; (c) elevation view with contrast material whose K-edge 
is at the vertical middle beam prepared by the DCM.  Example plots at 
the right show the profile for the unfiltered beam (b) and contrast 
filtered beam (c). 
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As an example, assume a vertical angle range for the CLS of 1/= 176 μrad.  At 33.17 
keV, the absorption edge of iodine, the Bragg angle is 5.586⁰ for the silicon (2, 2, 0).  We can 
estimate the range of wavelengths using the derivative of Bragg’s law with respect to angle, 
𝑑𝜆 = 2𝑑ℎ𝑘𝑙𝑐𝑜𝑠𝜃𝑑𝜃. (A. 2) 
For the conditions stated the wavelength spread is 6.73 × 10- 5 nm centered at 0.03738 nm.  
The matching energy spread is 59.7 eV. Figure A- 3 is a graphical representation, a DuMond 
diagram [31], of Bragg’s law in the vicinity of the iodine K-edge.  
There is also an energy or wavelength spread due to the finite reflectivity width of the 
dispersion curve.  For diffraction, the energy or wavelength bandwidth is a fixed quantity away 
from absorption edges of the crystal.  For silicon (2,2,0) the bandwidth is 56.6 × 10-6.  Thus the 
intrinsic wavelength spread is 2.12 × 10-6 nm and the intrinsic energy spread is 1.88 eV.  This 
Figure A- 3 DuMond Diagram for Si (2,2,0) at 33.17 keV for 1/γ 
vertical divergence. The energy and angular ranges are shown for 
both vertical divergence and intrinsic widths. The relatively large 
vertical divergence results in an energy range that easily covers the 
K-edge of iodine. 
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wavelength and energy spread is also shown in Figure A- 3.  The energy spread due to divergence 
is almost 32 times that of the intrinsic energy spread. 
Schematically, the effect of an iodine filter on the transmitted beam of a DCM set at 33.17 
keV is shown in Figure A- 2(c).  Note that the spectral content of the beam vertically increases in 
energy from the bottom of the beam to the top.  When the middle energy of that beam is placed at 
the iodine K-edge then the top of the beam will be absorbed more than the bottom creating an 
asymmetric beam profile shown on the right side of the figure.  A calculation of the beam shape 
including the DuMond dispersion effects is shown in Figure A- 4. 
A.3 WHAT HAPPENS WHEN THE BEAM MOVES? 
A.3.1 Unfiltered side of the beam 
When the photon beam moves at the source location the monochromatic beam after the 
DCM is sensitive to the motion.  If the source point moves up then the beam measured at the 
detector location will also move up by the same amount.  If the beam moves in vertical angle then 
Figure A- 4 Calculated flux through a 60 mg cm2 iodine filter from 
a Si (2, 2, 0) DCM at 33.17 keV on a CLS bend-magnet beamline. 
136 
 
the beam at the detector position will move by the product of the angle times the distance from the 
source to the detector.  This effect is shown schematically in Figure A- 5(a) - Figure A- 5(d) in the 
‘Beam’ column.  The combination of vertical beam motion and angle is shown below in Equation 
(A. 3); 
𝑦𝑑 = 𝑦 + 𝐷𝑦′, (A. 3) 
where yd is the measured vertical beam position at the imaging detector, 𝑦 is the vertical position 
of the electron beam source, y' is the vertical angle of the electron beam source and 𝐷 is the distance 
from the source to the detector. 
A.3.2 K-edge filtered side of the beam 
The K-edge of an element is a fixed energy and can be used to locate of that energy in the 
photon beam; energies above the edge will be heavily absorbed and energies below the edge will 
not.  If the source moves vertically the location of the K-edge will move the same amount at the 
detector.  This is because the vertical energy distribution of the photon beam is not altered by this 
motion.  If instead the beam at the source moves in vertical angle the location of the edge will not 
move.  In this case the vertical photon beam distribution is changed by the DCM but the vertical 
location of the K-edge at the detector will not move because the angle is set by the monochromator.  
Therefore the location of the K-edge is a direct measure of the location of the source vertically.  
This effect is shown schematically in Figure A- 5(a) - Figure A- 5(d) in the “Edge” column.  The 
location of the edge measured at the detector is then simply 
𝑦𝑐 = 𝑦, (A. 4) 
where yc is the measured vertical K-edge location and 𝑦 is the vertical position of the electron 





A.4 DETERMINING THE ELECTRON SOURCE VERTICAL POSITION AND ANGLE 
We are now in a situation to be able to independently determine the vertical electron beam 
position and angle by measuring the beam location through a DCM without a filter (beam side) 
and the edge location with a K-edge filter in place (edge side).  Using the Equations (A. 3) and (B. 
1), 





Figure A- 5 Schematic showing the effects of the electron beam 
position and angle displacements. The first column gives the position 
and angle, the second column is a schematic of the beam where the 
monochromator has been removed for clarity, the third and fourth 
columns show the beam and edge profile, respectively. The black 
line in each row represents the electron beam position and angle 
zeros, the purple line shows the centroid of the beam, the red dashed 
line shows the location of the same angle to the monochromator 
crystal or the edge location. (a, c) At y = 0. (a, b) At y’ = 0. (b, d) At 
y > 0. (c, d) At y’ > 0. 
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It should be noted that changing the monochromator energy has the effect of changing the 
source position, yc.  Also changing the detector’s vertical position will alter the yd value.  Both 
have a direct impact on the calculated electron beam position and angle, y and y’.  Thus the system 
measures relative values of position and angle and must be calibrated to obtain absolute values. 
The ability to determine the location of the beam centroid, yd, and the K-edge, yc, are 
integral to the success of this method.  A fitting procedure will be used to determine the location 
of each.  To be properly fit there needs to be sufficient intensity, detector resolution and vertical 
size to encompass the profile along with any vertical motion that may occur.  The vertical beam 
size at the detector is a relatively weak function of the energy selected by the monochromator.  
However, the reflection chosen in the monochromator may have a strong effect on the intensity 
since the reflection sets the monochromator bandwidth. 
In addition, the ability to determine yc will also depend on the width of the K-edge and the 
thickness and density of the contrast filter.  A rough estimate of the optimal projected iodine filter 
density was found to be ~70 mg/cm2 by numerical simulation.  This estimate was based on a 
contrast to noise model using Poisson statistics. 
The width of the transmitted K-edge with the DCM will depend on the intrinsic K-edge 
width for the contrast element (~15 eV for iodine [32]).  The K-edge will also be blurred by the 
intrinsic energy width of the monochromator (1.88 eV as discussed above for the Si (2,2,0) at 






𝐷, (A. 6) 
where θ is the Bragg angle and E is the K-edge energy.  For the silicon (2,2,0) at the iodine K-edge 
this spatial dispersion is 74 μm eV-1.  Therefore, the 15 eV of energy spread will correspond to a 
spatial width of 1.1 mm. 
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When compared with the silicon (4,4,0) under similar conditions the spatial dispersion at 
33.17 keV will change to 150 μm eV-1 and the 15 eV energy spread will correspond to a width of 
~2.2 mm which indicates the increased spatial dispersion sensitivity.  But this sensitivity will come 
with a loss of intensity of over a factor of six due to the decreased (4,4,0) bandwidth (9.1×10-6) 
compared with the (2,2,0) bandwidth (56.6×10-6) and therefore, for the of the measurements, we 
chose silicon (2,2,0) .   
A.5 IMPLEMENTATION AT BMIT 
The experiments for this project where performed at the CLS BMIT bend magnet beamline 
05B1-1.  A silicon (2,2,0) and (4,4,0) double crystal monochromator was tuned to the iodine K-
edge at 33.17 keV.  The vertical dispersion of the monochromator allows an energy range that 
covers the K-edge of iodine.  Figure A- 5(a) - Figure A- 5(c) show schematically how the system 
was implemented in the beamline with a plan view at the top.  In this system the beam was split 
horizontally in two parts: one side with 60 mg cm-2 iodine filter and the other side with no filter.  
A Hamamatsu flat-panel detector with 0.1 mm pixel size was used to collect data.   Measurements 
were made in the POE-2 hutch, which was ~25 m away from the source. 
Two types of measurements were performed.  One type was made during the normal 
operational mode to assess the beam stability.  A second type was made during special shifts were 
the synchrotron beam was intentionally moved at the source location with specific vertical, 
horizontal and angular offsets.  This second type was used to assess, in part, the sensitivity of the 
system and to independently measure the motions made to the electron beam source in the ring. 
Data were in the form of images of the split beam with the iodine filter on one side and no 
filter on the other.  Sets of 400 data images were saved into individual directories and a 
measurement set might range from a few to several hundred directories.  It took around 12 s to 
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collect 400 images for each directory and roughly 1 min dead-time to save the data to the disk.  
For each set of measurements, ten dark images (the detector response without beam) and ten flat 
images (no contrast agent in the beam) were also collected for data normalization.  These ten 
images were averaged to form single ‘dark’ and ‘flat’ images. 
A.6 DATA ANALYSIS METHOD 
To analyze the data, several procedures were written in IDL [Interactive Data Language, 
ITT Visual Information Solutions, Boulder, CO, USA].  Regions for the unfiltered beam side and 
the K-edge side were selected from the data and each side was corrected for dark response.  An 
example of the regions chosen from the images is shown in Figure A- 6. 
The beam side from the data was used to determine yd which was found by fitting the 
horizontally averaged vertical beam profile using a Gaussian function.  An example of this fitting 
was shown in Figure A- 1.  The vertical direction in the detector, z, was measured in terms of 
detector pixels that can be easily converted into micrometers using the pixel size.  The vertical 
center of the detector was the origin used in this part of the analysis.  
The horizontally averaged edge side profile was normalized by the matching region from 
the flat to form an I/I0 profile.  However, the flat was corrected for vertical beam motion by using 
the beam side of the data to vertically move the flat prior to normalization.  The low-intensity 
Figure A- 6 Example data image. Regions are chosen from both 
image types for beam and edge analysis. The edge region is 
enhanced in the lower left corner to better show the K-edge whose 
location is indicated by the arrow. 
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regions of this corrected flat were ignored using a threshold value and not used in the analysis.  An 
example of this is shown in Figure A- 7. 
A number of fitting algorithms were used to find the location of the K-edge in the filtered 
beam profile.  In general, three types of functions were investigated to fit the edge: Gaussian, 
Lorentzian and Voigt.  These functions were chosen because they are mathematically simple and 
make physical sense.  The functions were used directly to fit the derivative of the K-edge profile, 
and integrated versions of each were used to fit the measured edge profile directly.  Finally the K-
edge could be fit to the I/I0 values or the negative logarithm of the I/I0 values.  Of the 12 fit types 
the Gaussian fit to the derivative of the negative logarithm of the profile was chosen due to its 
simplicity and the robustness of the fit.  For this analysis the main parameter of interest in the fit 
Figure A- 7 Summed normalized K-edge image across the 
sampling width; 100 pixels in this case. The horizontal axis is 




was the transition center location.  Other parameters determined in the fit were the amplitude, 
width and the background values.  Figure A- 8 shows a fit to one of the data points. 
A.7 RESULTS AND DISCUSSION  
A number of measurements have been taken with the system.  In total, eight shifts (1 shift 
= 8 h) have been used for beam motion measurements.  These shifts were during normal operations 
shifts and by special request shifts when the ring parameters can be altered.  During the special 
machine study shifts the electron beam was moved and measurements were made to assess the 
response of the system. 
A.7.1 System Response to Electron Beam Motions 
The electron beam position and angle were varied in the machine study shifts.  To move 
the electron beam in the BMIT sector, electron BPM (eBPM) target values were changed.  This 
change in target value moves the electron beam orbit using dipole steering magnets.  The eBPMs 
Figure A- 8 Derivative of the negative logarithm of the profile 
shown in Figure A- 6. The Gaussian fit parameters are shown in 
the upper right-hand corner. For this analysis only y0 or the peak 
center is used. 
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numbered 17 and 18 are located on the upstream and downstream sides of the bend magnet which 
is our photon beam source (see Figure A- 9).  The photon beam source is 5° into 15° bend.  Since 
we observe the photon beam source point at an intermediate location between the two eBPMs, 
there can be small differences in the electron beam vertical position and angle due to the storage 
ring magnetic optics. 
A.7.1.1 Electron Beam Vertical Position Measurements  
For vertical motion the eBPM 17 and eBPM 18 target values were changed by the same 
amount.  The beam was moved vertically between +100 and −100 μm in 0, ±1, ±2, ±5, ±10, ±20, 
Figure A- 9 Storage ring schematic and calculated electron beam trajectories. 
(a) Section of the storage ring around the 05B1 magnet from which the 
measurements were made. The locations for eBPM17, eBPM18 and 5° source 
are indicated. The calculated trajectory for +100 μm vertical position for 
eBPM17 and eBPM18 are shown in (b) with the electron vertical position in 
red and angle in blue. (c) Trajectory for a +100 μm value at eBPM17 and -100 
μm at eBPM18 which mostly creates an angle at the source location. 
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and ±100 μm increments.  Examples are shown were the beam is at the zero location (Figure A- 
10(a)), +100 μm (Figure A- 10(b)), and −100 μm (Figure A- 10(c)).  In those plots 12 s of beam 
motion is shown.  It should be noted that the measured beam position and angles are relative to the 
middle of the detector.  Three data lines are shown, red, which is the measured electron beam 
position, y; blue, the electron beam angle multiplied by the distance from the source to the detector, 





Figure A- 10 Measurements of the beam vertical position, y, the 
effect of vertical angle, Dy’, and combined motion as a function 
of time for eBPM17/18 values of 0 (a), +100 (b) and -100 (c). 
The vertical motions have been translated into millimeters using 




Trends plots of the electron beam position and angle measurements as a function of eBPM 
offset values are shown in Figure A- 11 and Figure A- 12, respectively. Some selected values are 
also given in Table A- 1.  The dashed horizontal line in the figures identifies the   measured ‘zero’ 
location where the electron beam is at the zero location in eBPM units.  Clearly,  there is good 
correlation between the eBPM values and the beam position and angle.  The red line in Figure A- 
11 and the blue line in Figure A- 12 are least-squares fits to the measured data.  For these data, 150 
twelve second measurements (called a “slice”) were made as the beam was moved.  For each beam 
location between four and five slices were taken.  In reviewing Table A- 1, the measured standard 
deviations are in the 10 micron range for y, Dy’ and y+Dy’.   
 
Figure A- 11 Electron vertical beam position in micrometers 




Table A- 1 Selected measured electron vertical beam position, y, and angle, y’, as a function of 
vertical electron beam motion defined by equal eBPM 17 and 18 values.  
The slice number identifies the measurement.  Columns showing the effect of the electron beam 
angle on beam position, Dy’, and the overall vertical beam motion, y+Dy’ at the detector, are given 
along with calculated standard deviations.  Each slice corresponds to 12 seconds of acquisition 
time. 
 
Slice # BPM 
17/18 (m) 
?̅? (m) 𝒚′̅ (rad) 𝑫𝒚′̅ (m) ?̅? + 𝑫𝒚′̅ (m) 
2 0 -401 ± 8 5.89 ± 0.54 146 ± 13 -255 ± 12 
82 5 -385 ± 8 6.01 ± 0.56 150 ± 14 -235 ± 12 
95 10 -375 ± 8 6.07 ± 0.52 152 ± 13 -223 ± 13 
92 20 -356 ± 8 6.34 ± 0.53 158 ± 13 -198 ± 12 
99 30 -334 ± 8 6.64 ± 0.55 165 ± 14 -168 ± 13 
105 40 -316 ± 8 7.02 ± 0.54 175 ± 14 -141 ± 13 
113 50 -297 ± 8 7.34 ± 0.53 190 ± 13 -107 ± 12 
121 -5 -396 ± 8 5.45 ± 0.51 136 ± 13 -259 ± 13 
125 -10 -406 ± 8 5.34 ± 0.52 133 ± 13 -272 ± 12 
133 -20 -430 ± 8 5.24 ± 0.55 131 ± 14 -299 ± 12 
139 -30 -448 ± 8 4.97 ± 0.53 124 ± 13 -324 ± 12 
146 -40 -461 ± 8 4.52 ± 0.52 113 ± 13 -348 ± 12 
153 -50 -467 ± 8 4.16 ± 0.53 103 ± 13 -372 ± 11 
Figure A- 12 Electron beam vertical angle in microradians measured 
as the eBPM17 and 18 are changed from -50 to +50 μm. The 
measured angle in microradians is shown on the left axis and the 
vertical displacement that angle creates at the detector position, Dy’, 




From Figure A- 11, the vertical beam position rate of change was determined to be 1.807 
± 0.02 μm per μm eBPM value from the least-squares fit.  From Figure A- 12, the vertical beam 
angle rate of change was similarly determine to be 0.0301 ± 0.0004 μrad per μm eBPM value.  
Based on electron beam optics calculations for an ideal machine, the predicted values should be 
1.47 μm per μm eBPM value and -0.034 μrad per μm eBPM value, respectively.  The good 
agreement between the experimentally determined and calculated values is shown in the top row 
of Table A- 2. 
 
Table A- 2 Measured and calculated detector response to vertical electron beam position and angle.  
Vertical electron beam positions where eBPM17 and 18 are equal are shown in the upper two rows 
(upper row – measured and lower row – calculated).  Vertical beam angle where eBPM17 is equal 
to, but opposite sign to eBPM18 is shown in the bottom two rows.  At the measurement location 
there is a mixture of position and angle for both types of electron beam motion. 
   
Position 
(𝝁𝒓𝒂𝒅 𝝁𝒎 𝐨𝐟𝐟𝐬𝐞𝐭⁄ ) 
Angle 
(𝝁𝒓𝒂𝒅 𝝁𝒎 𝐨𝐟𝐟𝐬𝐞𝐭⁄ ) 
Position Motion 
    
(eBPM17=eBMP18) 
Measured 1.807±0.02 0.0301±0.0004 
Calculated 1.47 -0.034 
Angle Motion 
(eBPM17= - eBPM18) 
Measured -0.101± 0.039 -0.842±0.005 
Calculated -0.06 -0.88 
A.7.1.2 Electron Beam Vertical Angle Measurements 
Similar measurements were made when the eBPM values were changed asymmetrically to 
create electron beam angle at the beamline.  Tests were made with eBPM offsets between +20 and 
−20 μm in 0, ±5, ±10, ±15, and ±20 increments. 
Plots of the electron beam position and angle as a function of eBPM values are shown in 
Figure A- 13 and Figure A- 14, respectively.  Some selected values are also given in Table A- 3 
and, as before, the measured standard deviations are in the 10 μm range for y, Dy’  and y + Dy’.  
The dashed horizontal line in the figures identifies the measured zero location where the electron 
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beam is at the zero location in eBPM units.  The red line in Figure A- 13 Electron vertical beam 
position in micrometers measured as the eBPM17 and -18 are changed from -20 to +20 μm. Figure 
A- 13 and the blue line in Figure A- 14 are least-squares fits to the measured data. 
 
Figure A- 13 Electron vertical beam position in micrometers 




The measured and calculated beam responses are summarized in the lower half of table A- 
2. Again, there is a good agreement between the measured and ideal machine values. 
Table A- 3 Selected measured electron vertical beam position, y, and angle, y’, as a function of 
electron beam angle defined by equal and opposite sign eBPM 17 and 18 values; the remainder of 
the table is for Dy’ and y+Dy’ as defined in Table A- 1 and in the text. 
 
Slice # BPM 
17/18 
(m) 
?̅? (m) 𝒚′̅ (rad) 𝑫𝒚′̅ (m) ?̅? + 𝑫𝒚′̅ (m) 
9 5 -428 ± 8 2.30 ± 0.55 57± 14 -371 ± 14 
13 10 -430 ± 8 -1.64 ± 0.51 -41 ± 13 -471 ± 13 
20 20 -427 ± 8 -9.63 ± 0.51 -241 ± 13 -667 ± 12 
47 -5 -421 ± 8 10.70 ± 0.57 267 ± 14 -154 ± 13 
51 -10 -423 ± 8 15.09 ± 0.51 377 ± 13 -46 ± 13 
58 -20 -428 ± 8 24.16 ± 0.58 604 ± 15 176 ± 13 
 
Figure A- 14 Electron beam vertical angle in microradians measured as 
the eBPM17 and -18 are changed from -20 to +20 μm. The measured 
angle in microradians is shown on the left axis and the vertical 




A.7.2 Normal Operations Measurements 
Measurements with ps-BPM system were made during a number of normal operation shifts 
between December 2013 and August 2014.  During the December 2013 to early 2014 period the 
CLS storage ring was experiencing beam instabilities from a storage ring dipole magnet power 
supply. 
Figure A- 15 shows 12 s measurements made during three operational periods in December 
2013, March 2014 and August 2014.  The top line is the measured electron beam position, y, the 
bottom line is the vertical displacement due to angle, Dy’, and the middle line is the sum of two, 
y+Dy’.  Each of the three measurement periods are show side by side in the figure.  The offsets for 




 It is clear that the ring stability improved dramatically during that time period and that the 
instability measured arose primarily from the angle displacements.  The Figure A- 15 also shows 
measured standard deviations of the positions, σy, σDy', and σy+Dy'.  The standard deviation of 
the electron beam position, σy, varied little over the three periods.  However, the standard deviation 
of the vertical displacement due to angle, σDy', dropped by a factor of two in the same time.  The 
standard deviation of the overall beam displacement due to electron beam positon and angle, 
σy+Dy', is determined mostly by the electron beam angle. 
The DCM could be responsible for some of the measured beam motion due to vibrations 
and thermal motion.  Internal vibrations within the monochromator are somewhat minimized as 
we used a gravity flow water system for cooling both crystals in the DCM.  Also the use of a 
copper and aluminum filter dropped the incident power on the first crystal to below 2 W for the 
Figure A- 15 Beam phase-space measurements over a 12 s interval 
during normal operations for three dates: December 2013, March 
2014 and August 2014. The top line is the zero referenced electron 
beam position, y, the bottom line is the vertical displacement due to 
angle, Dy’, and the middle line is the sum of the two, y + Dy’. Note 
the improvement in beam stability over the nine-month period. The 
standard deviation values are shown above each period. 
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size of the beam and ring current used for the experiments.  Finally, based on our measurements, 
as the beam is moved in the machine the error bar on the beam displacement was typically less 
than 10 μm and the angle less than 0.5 μrad, indicating that the combination of the monochromator 
and electron beam motions must be less than these values. 
A.8 PRACTICAL IMPLEMENTATION OF A PS-BPM 
All of the proof-of-principle measurements required the use of the entire beamline and as 
such would be completely impractical as a monitor.  Probably the most challenging aspect of 
implementing such a monitor would be the dedicated use of the DCM.  The complexity of the 
DCM in which the two crystals must be maintained in sub-microradian alignment in the Bragg 
geometry could be mitigated by the use of a single-crystal Laue or transmission-type 
monochromator.  The Laue-type monochromator is not so susceptible to crystal heating effects as 
there is no thermal bump on the crystal’s surface.  Much of the power can be transmitted through 
where it can be absorbed elsewhere.  The width of the beam being used need not be very wide as 
two line detectors can be used for the beam and K-edge side measurements.  A prototype Laue-
type system is being designed. 
A.9 CONCLUSIONS 
A unique method for simultaneously measuring the vertical position and angle (phase 
space) of synchrotron photon beams using the combination of x-ray diffraction and absorption 
edges has been developed and tested at the BMIT beamline at the Canadian Light Source.  This 
system allows the measurement of the photon beam centroid in phase space, and thus the electron 
beam position and angle, at a single location along the beamline.  Temporal stability and beam 
motion system response measurements have been performed with good results. 
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The sensitivity of this system is comparable to other photon beam position monitors with 
detectable position errors on the scale of 10 μm and angle errors of 0.5 μrad.  These errors are 
based on the noise level in the 12 s time measurements of 400 time points. 
We are optimistic that a compact dedicated system employing a single transmission or 
Laue monochromator coupled with a K-edge filter and two line detectors can be built and 
implemented to make a practical device that uses a small piece of the horizontal width of a bend-
magnet or wiggler white beam. 
Such a system provides more complete view of beam motion in a synchrotron source and 
may be used to improve the synchrotron source position and angle stability.  The ps-BPM also 
provides a better diagnostic should instabilities or beam drift occur, and could be used to correct 
experimental data for beam motion and to actively control the trajectory of the photon beam in the 
beamline. 
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B.1 ABSTRACT 
We report on a system (ps-BPM) that can measure the electron source position and angular 
motion at a single location in a synchrotron bend magnet beamline using a combination of a 
monochromator and an absorber with a K-edge to which the monochromator was tuned in energy. 
The vertical distribution of the beam was visualized with an imaging detector where horizontally 
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one part of the beam was with the absorber and the other part with no absorber. The small range 
of angles from the source onto the monochromator crystals creates an energy range that allows 
part of the beam to be below the K-edge and the other part above. Measurement of the beam 
vertical location without the absorber and edge vertical location with the absorber gives the source 
position and angle. 
Measurements were made to investigate the possibility of using the ps-BPM to correct 
experimental imaging data.  We have introduced periodic electron beam motion using a correction 
coil in the storage ring lattice.  The measured and predicted motions compared well for two 
different frequencies. 
We then show that measurement of the beam width and edge width gives information about 
the vertical electron source size and angular distribution. 
B.2 INTRODUCTION 
The stability of the photon beam which is dependent on the stability of the electron source 
in a synchrotron is critical and essential to the performance of the machine and the beamlines. It 
is becoming a more important issue as fourth generation storage rings are planned and coming 
alive and as many other facilities are upgrading their existing rings. The fourth-generation light 
sources are pushing to very low emittance, so the stability of the electron beam becomes 
increasingly important as it has a direct effect on the emittance of the machine. 
The vertical position of the photon beam at some distance from the source is determined 
by the vertical position and angle of the electron beam. 
We have developed a method to measure the vertical position and angle of the synchrotron 
electron beam at a single location in a bend magnet beamline at the Canadian Light Source (CLS). 
The discovery of this system came during an imaging experiment at the Biomedical Imaging and 
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Therapy (BMIT) beamline [3-5] at CLS [1].  Normally to measure the beam angle, two 
measurements of the beam position at two separated distances from the source are required. This 
is a difficult task in a beamline due to both lack of space and presence of many beam-line optics 
and components that will interfere with the location and operation of beam position monitors.   
The system we have developed relies on measurements of the photon beam profile with 
and without an absorption edge filter and at the same location in the beamline. In the initial 
experiments a Bragg type (re-flection geometry) Double Crystal Monochromator (DCM) [2] was 
used to prepare the photon beam at an energy of the filter’s absorption edge. 
In this paper we present the implementation and results of a system using (1) a single Laue 
monochromator setup which is compact and is less susceptible to beam power loading and thus 
energy drift. We have used this system to assess the ability to (2) measure periodic beam motion 
with the future intent of (3) using these measurements both to show some of the temporal features 
of the system and to use the beam position and angle measurements to correct experimental 
imaging data.  
B.2.1 Synchrotron  
The vertical photon distribution of a bend magnet or wiggler synchrotron beam can be well 
fitted with a Gaussian function for photon energies what are well above the critical energy of the 
device (see Figure B- 1c where the Gaussian center and width are shown).  In our case, the critical 
energy of the CLS bend is 7.57keV and the absorption edge of the iodine filter is 33.17keV.  Figure 
B- 1a shows the vertical spatial distribution of an imaging beam prepared by a Si (220) DCM at 
25m from the source on the left side while the right side shows the effect of an iodine filter.  The 
part in the red circle has been enhanced to show the edge.  The edge is found by normalizing the 
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filter side by the beam side.  The result is shown in Figure B- 1d where the location and Gaussian 
width is found. 
B.2.2 Diffraction, Dispersion and Absorption Edge 
The vertical angular distribution of a synchrotron source will present a range of angles onto 
a crystal monochromator if there are not intervening optics be-tween the source and 
monochromator as in our case.  The small range of angles will prepare a quasi-monochromatic 
beam that has a range of energies as determined by Bragg’s law.  Thus, the beam prepared by the 
monochromator will have a continuous range of energies across the vertical range of angles 
(energy dispersion) from the source.  At some distance, again 25m in our case, this range of angles 
corresponds to a spatial distribution.  Thus, the distance scale in Figure B- 1 can also be interpreted 
as an energy scale.  As an example, the energy range contained in our beams (reflection or 
Figure B- 1 Beam and edge data (a) plus schematic representation of 
the data analysis steps (b,c,d). 
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transmission) is of the order of 50+eV at 33.17keV.  This energy range is sufficient to easily cover 
the energy range of the absorption edge of the iodine filter which was used in these experiments. 
B.3 THE SYSTEM 
The experiments were done at the bend magnet beamline at the BMIT facility at the CLS 
[3-5]. The beamline was used in “White Beam” mode. 
The Laue system is shown schematically in Figure B- 2. The crystal was located in the 
bend magnet imaging hutch approximately 20.5m from the source. The distance from the crystal 
to the detector is 3m and 23.5 m from the source.  A (3, 1, 1) type reflection from a commercially 
available silicon (5, 1, 1) wafer was used for the Laue monochromator which was tuned to 
33.169keV at the absorption K-edge of iodine. The Bragg angle for the lattice planes was 6.55 
degrees. 
A combination monochromator was prepared for this experiment, one side of this 
monochromator was the bent Laue for Spectral KES and the other side a flat Laue for beam motion 
measurements.  The Spectral KES is an imaging method using for imaging contrast elements such 
as iodine in biomedical systems [6, 7]. The simultaneous measurement of imaging data and beam 
Figure B- 2 Schematic layout of the ps-BPM system for a single crystal Laue monochromator 
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motion data is for using beam motion information to correct the resulting images.  The data 
correction part will be discussed elsewhere.  All the beams were intercepted by the same detector 
(bent Laue for Spectral and flat Laue with and without a contrast filter for beam motion). The 
advantage of this approach was that the imaging and the correction data were acquired 
simultaneously. The detector was a Hamamatsu flat-panel with 100 micron pixel size and 30 
frames per second acquisition speed. 
Each measurement contained data in the form of tiff images in sets of 400. For each 
measurement a set of 10 flats (images of the beam with no object in the way) and 10 darks (images 
of detector response with no beam) were also collected to normalize data. 
A combination of 0.05 mm copper and 2.5 mm aluminum were used to filter the white 
beam and prevent thermal loading on the monochromator.  
The incident photon beam at the monochromator was around 6 mm high and 178 mm 
wide.Two types of data were collected, one during normal operations of the machine and the other 
one in special request shifts were a known frequency beam motion was introduced in the ring.  
Figure B- 3 Schematic layout of a cell (one of 12) in the CLS storage ring. CX and CY are orbit 
correctors, QA, QB, QC are quadrupole magnets, BPMs are electron beam position monitors, 





While the data was being collected with the ps-BPM system at the beamline, different 
currents with different frequencies were used in an orbit corrector at location CY1 in Figure B- 3 
to introduce a perturbation in the electron ring. This corrector is the first vertical orbit corrector in 
cell 3. 
The measurements where made using the first bend magnet in cell 5 (B1).  The center of 
the bend magnet beam is 5 degrees into the 15 degree bend provided by the magnet.  
These perturbations had frequencies of 5Hz and 10Hz each with currents of 0, 0.12, 0.24 
and 0.6A in the orbit corrector. 
Both the orbit correction and the transverse feedback system were on during all the 
measurements and the ring was operating at 250mA current in decay mode. 
B.4 RESULTS AND DISCUSSION  
Measurements where made while the beam was sinusoidally modulated using an orbit 
corrector while the motion was monitored with the ps-BPM system at the BMIT beamline.  
From the design specification the vertical kick for a corrector is given by 
where I[A] is the current driving the corrector. So, for a 0.12A excitation the kick is 0.916 
microradians. The effect of a vertical kick was simulated with DIMAD [8] at the nominal tunes of 
the CLS lattice. The closed orbit was calculated with a kick of 1.018 microradians at the position 
of the orbit corrector 1 in cell 3. With this kick the closed orbit at the position of the BMIT bend 
mag-net (B1 in cell 5) beamline is: y = -6.83 micron and y’ = -1.089 microradians for the peak 
values.  For larger kicks the position and angle are assumed to scale with the input current. 
𝑘𝑖𝑐𝑘[𝜇𝑟𝑎𝑑] ≈ 7.637 × 𝐼[𝐴], (B. 1) 
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The temporal measured and predicted beam motions are shown in Figure B- 4.  The 
measured values are y (red) and y+Dy’ (violet). The derived angular motion Dy’ is shown in blue.  
Modulation currents of 0, 0.12, 0.24 and 0.6A where used as shown for frequencies of 5Hz (Figure 
B- 4a) and 10Hz (Figure B- 4b).  The expected amplitude of Dy’ appears as black dashed lines.  
The expected values of y were too small to mark on the plots. 
The measured and expected peak to peak values for the beam motions in Figure B- 4 are 
given in Table B- 1.  
There is a good agreement between the predicted and measured values for all currents and 
frequencies. 
Table B- 1 Measured and predicted values (in parentheses) of beam motion for corrector currents 
and frequencies given in the text and Figure B- 4. 
 
f (Hz) I (A) 𝒚(µm) 𝑫𝒚′(µm) 𝒚′(µrad) 𝒚 + 𝑫𝒚′(µm) 
0 0.0 7.7 ± 2 13.6 ± 2 0.5 ± 0.1 16.2 ± 3 
5 0.12 15.6 ± 2 
(13.7) 
42.5 ± 3 
(51.7) 
1.6 ± 0.1 
(2.2) 
57.9 ± 3 
10 0.12 9.9 ± 4 
(13.7) 
51.1 ± 3 
(51.7) 
2.0 ± 0.1 
(2.2) 
51.4 ± 3 
5 0.24 27.3 ± 2 
(27.4) 
92.7 ± 3 
(103.4) 
3.6 ± 0.1 
(4.4) 
119.9 ± 4 
10 0.24 21.3 ± 3 
(27.4) 
82.9 ± 3 
(103.4) 
3.2 ± 0.1 
(4.4) 
104.0 ± 4 
5 0.60 43.7 ± 8 
(68.3) 
255.8 ± 9 
(256.2) 
9.8 ± 0.3 
(10.9) 
299.5 ± 5 
10 0.60 28.3 ± 6 
(68.3) 
227.2 ± 7 
(256.2) 
8.7 ± 0.3 
(10.9) 
255.1 ± 10 
 
With the similar setup described at the original paper [1] measurements were done while 
the electron beam size and angular distribution were adjusted using skew quads. The vertical 
source size and angular size were measured by the system and compared against measurements of 
the source size made by a pinhole camera at the X-ray Synchrotron Radiation (XSR) diagnostic 
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beamline [9]. The ps-BPM measurements correlate well with beam size measurements at the XSR 
beamline. Figure B- 5 shows the measured direct beam width (Figure B- 5b) and the edge width 
(Figure B- 5a) from which we can estimate the vertical emittance of the source.  The parabolic-
type behavior of the measurements indicate that other terms contribute in quadrature to the widths. 




Figure B- 4 ps-BPM measurements as the orbit corrector current is 
increased (0, 0.12, 0.24, 0.6A) for 5Hz (Figure a) and 10Hz (Figure b). 
The dashed black lines indicate the expected peak to peak amplitude of 





Figure B- 5 Measured widths of the beam (Figure b) and the K-edge (Figure 
a) as skew quads are used to increase the vertical beam size.  The horizontal 
axis is the vertical size as measured by XSR beamline 
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A newly developed phase space beam position monitor has been used to measure induced 
beam motions in a synchrotron source. There is good agreement between the expected motion and 
those measured by this monitor.  The results presented here are the first aspect of using this monitor 
to correct experimental data for an imaging method, Spectral KES, which is susceptible to the 
vertical position and angle motion.  The fact that these measurements accurately show this motion, 
gives a good indication that we will be successful in correcting this data. 
Also measurements have been made of the widths of the beam and K-edge as skew quads 
were used to in-crease the vertical size and angular size of the electron beam.  Both size and angular 
size were shown to in-crease indication that the vertical emittance can be measured.  At this point 
the sensitivity of these measurements is being assessed as well as other contributors to the 
measured widths. 
Both the data correction and measurements of emittance will be the topics of future papers. 
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